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FOREWORD 

This report was prepared by the Pratt & Whitney Aircraft 
Division of United Aircraft Corporation, East Hartford, 
Connecticut, to present data and performance of slotted 
airfoils, with and without rotor tip treatment, under Con- 
tract NAS3-I 0483, High-Loading Low-Speed Fan Study. 
Performance tests were conducted between December 1969 
and January 1970. 
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ABSTRACT 

High-Loading, Eow-Speed Fan Study 
111. Data and Performance, Slotted 

Blades and Vanes and Rotor Tip Treatment 

A single-stage fan with a tip speed of 1000 ft/sec (304.8 mlsec), 
a pressure ratio of 1.5 and a hub to tip ratio of 0.392 was 
tested from 65 to 110 percent of design speed to determine the 
effect of various design features on performance, stall charact- 
eristics, and noise. The tests were conducted with both uniform 
and radially distorted inlet flow. Stator-hub slit suction was 
used to improve the stator performance although with uniform 
inlet flow, the stator hub section still induces stage stall at de- 
sign speed. The rotor and stator slots improved both the pres- 
sure rise and the efficiency at part speed. Without slots the 
stall flow at design speed was not repeatable. With stator hub 
(and tip) slots, the stall flow was repeatable and agreed with 
the minimum value obtained without slots. Rotor tip treatments 
were applied mainly during tip radially distorted inlet flow tests 
where the rotor tip rather than the stator hub caused the stage 
to stall. Use of a honeycomb structure in the case over the rotor 
tips in combination with vortex generators improved the stall 
margin by as much as ten percentage points but caused about a 
seven-point reduction in overall efficiency. Airfoil slots had 
little effect on noise levels previously measured for the unslot- 
ted stage. However, the addition of the honeycomb over the 
rotor blade tips increased the blade passing frequency noise 
levels 5 to 1OdB. 
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Tests were conducted to determine the detailed aerodynamic characteristics of a highly 
loaded, single-stage fan with slotted airfoils. The stage consisted of a low-tip-speed rotor and 
a stator separated by two rotor-chord lengths to provide low noise levels. Stator-hub-slit suc- 
tion which reduced losses during previous tests with unslotted airfoils was used for most of 
the present tests. The rotor blade and stator vane slots were part of the program to improve 
stall range and reduce endwall loss. Other devices for improving stall range were designed 
and tested: vortex generators on the outer case ahead of the rotor, and a honeycomb struc- 
ture over the rotor blade tips. Both uniform inlet flow and tip radially distorted inlet flow 
were used. Acoustic measurements were made in the inlet plenum and downstream of the 
stator vanes. 

At design speed and uniform inlet flow, the stator hub induced stage stall with or without 
stator-hub-slit suction. With suction (about 0.2 percent of the total inlet flow) the stall flow 
range was extended about 8 and 4 percent at speeds of 80 and 100 percent of design speed, 
respectively. The stator stall range was sufficiently improved at 80 percent of design speed 
to permit the rotor to induce stall. 

Airfoil slots were in the stator end regions and in and near the rotor tip. Without slots the 
stall flow at design speed was not repeatable. With stator hub (and tip) slots, the stall flow 
was repeatable and agreed with the minimum value obtained without slots. Rotor and stator 
slots improved the overall stage efficiency by as much as 2.5 percentage points at 80 percent 
of design speed with essentially no change in efficiency at design speed. 

The effects of tip radial distortion on stall margin were similar to those obtained previously 
with the unslotted stage. Slots did not help to attenuate the deterioration in stall margin. 

Rotor tip treatments were applied mainly during tip radially distorted inlet flow tests where 
the rotor tip rather than the stator hub induced stage stall. Best results were obtained with 
a honeycomb structure in the case over the rotor blade tips combined with vortex generators 
upstream of the rotor. They lowered the weight flow at stall and 95 percent of design speed 
from 164.6 lb/sec to 149.7 lb/sec, or about a 10 percentage point increase in stall margin. 
With honeycomb alone the improvement was about 7 percentage points in stall margin. Vor- 
tex generators alone had no effect on stall margin. All configurations using honeycomb (open 
back) resulted in an overall stage efficiency penalty of about 7 percentage points. This severe 
penalty was traced to air recirculation through the honeycomb resulting in an increase in rotor 
exit temperature from which no useful work was derived. Rotor blade element losses and 
deviation angles were about the same with or without honeycomb tip treatment if calculated 
from measured air angles rather than from measured temperatures. 

The acoustic data showed no significant changes in broadband or supersonic fan noise (com- 
bination tones) when the blades and vanes were slotted nor were there significant changes in 
these noise components when honeycomb tip treatment was added to the slotted blade con- 
figuration. An unexplained increase of 5 to 10 dB in blade passing frequency noise was noted 
when the honeycomb tip treatment was added over the rotor tips. No effect on blade passing 
frequency noise was measured by the addition of slots in the airfoils. 





11. INTRODUCTION 

The objective of this program was to determine the aerodynamic performance characteristics 
of a highly loaded, low-speed fan stage that would be applicable to a low-noise engine. Since 
fan noise is related to the physical characteristics of the stage and its operating conditions, 
an attempt was made in the design of this stage to reduce fan noise by (1) eliminating inlet 
guide vanes, (2) designing for low rotor-tip Mach numbers, (3) spacing the rotor and stator 
apart by two rotor chord lengths, and (4) selecting the number of stator vanes equal to six- 
teen more than twice the number of rotor blades. Design details are reported in Reference 1. 

Creating a useful pressure ratio with low tip speeds requires large rotor turning angles (rela- 
tive air angles past the axial direction at the hub), high stator inlet Mach numbers, and high 
aerodynamic blade loadings. The high loadings limit the potential for stall margin and for 
tolerance to  inlet distortion. 

Previous tests of this fan with solid airfoils showed an encouragingly high overall efficiency, 
but the stall range was poor. Consequently, the program discussed in this report was devoted 
primarily to the evaluation of various methods for improving the stall range. These included 
slotted blading, vortex generators on the outer case forward of the rotor, and a honeycomb 
structure in the outer case opposite the rotor blade tips. 

Some flow range advantages have been observed with slotted subsonic compressor blading 
but little improvement in overall efficiency (Reference 2). Also, potential flow studies indi- 
cate that slots would be useful in improving stall range while keeping losses to a minimum, 
provided that they are properly designed for an airfoil operating in the critical region. The 
airfoil slots studied in this program were designed primarily for range improvement, particular- 
ly in the blade end regions, with losses of secondary concern. The slots were formed by elec- 
trodischarge machining the originally tested solid airfoils (Reference 3). They are located in 
the stator end regions, and in and near the rotor tip. 

Increased flow range due to vortex generators located upstream of the rotor and stators has 
been observed in a single stage compressor (Reference 4). 
use ahead of the rotor tips were designed and tested. 

herefore votex generators for 

Flow range improvement has also been reported for a porous outer-case insert of honeycomb 
over the rotor tips of a single stage compressor (Reference 5). A similar honeycomb structure 
was designed and tested in the present program. 

olerance to inlet distortion can be the most significant single factor in determining engine 
operating stability. Inlet distortion may change the performance of a compressor in several 
ways. Efficiency and the speed-flow relationship may be altered, but the most significant 
possibility is that the stall limit may move closer to the engine operating line. Because some 
inlet flow distortion is likely in a practical application of a fan stage, tests were conducted 
with tip radially distorted flow in addition to those with uniform inlet flow. 
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Essentially all testing was performed with stator-hub-slit suction, which has been demon- 
strated during previous testing to reduce stator losses (Reference 3). During the shakedown 
testing with slotted blades, a limited amount of testing was performed without slit suction 
to determine the effect of this suction on stage stall characteristics. hese shakedown tests 
revealed that with or without suction the stator hub limited the stall flow range of the fan 
stage at design speed and with uniform inlet flow. Therefore the rotor tip treatments of 
vortex generators and porous case were used mainly with tip radially distorted flow which 
made the rotor tip critical rather than the stator hub. 

With the exception of the new hardware required for the rotor tip treatments all hardware, 
including distortion screens, used in this program was the same as that used for the unslotted 
fan tests (Reference 3). 

This report presents the test results for a highly loaded, low-tip speed fan stage with slotted 
rotor and stator blades with and without tip radial distortion. Also the results from rotor tip 
treatments of vortex generators and porous casing are given. Test results include detailed 
aerodynamic performance for all configurations and noise data for some. Highlights of the 
various configurations are discussed. 
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111. APPARATUS AND PROCEDURES 

A. Test Compressor 

1. Overall Design Description 

A schematic drawing of the fan stage mounted in the test rig is shown in Figure I .  This sin- 
gle-stage fan was designed with a flow per unit annulus area at the rotor leading edge of 42 
lb/sec ft2 and with an overall pressure ratio of 1.50. The design rotor tip speed is IO00 ft/sec, 
and the design stator inlet Mach number range is from 0.90 at the hub to 0.70 at the tip. 
There are 24 rotor blades and 64 stator vanes. 

The overall flowpath convergence was determined by setting the inlet-to-exit axial velocity 
ratio approximately equal to unity. A constant outer diameter was chosen to permit maxi- 
mum flow convergence at the rotor hub, thereby providing a maximum rotor-exit wheel 
speed and a smaller amount of rotor hub turning. Air turning at the rotor hub is 72.6 degrees, 
which results in a rotor exit relative air angle of -39.6 degrees. 

The running tip clearance was 0.028 inch at design speed, and the static tip clearance was 
0.053 inch. 

2. Basic Unslotted Airfoil Design 

The design is briefly reviewed here for convenience, details are reported in Reference 1 

a. Rotor 

The rotor was designed to produce a constant pressure ratio from root to tip of 1.54. The 
rotor aspect ratio is 1.92 (based on average blade length, 8.6 inches, and the aerodynamic 
root chord), and the rotor inlet hub-to-tip ratio is 0.392. 

The airfoil sections are developed as multiple-circular-arc sections. Rotor-blade metal angles 
and solidities for the nine streamlines at which blade element data were obtained are shown 
in Table 1. Other aerodynamic design data are presented in Appendix 2. Symbols and per- 
formance parameters are defined in Appendix 1. 

In reviewing the design data shown in Appendix 2, it is important to note that the total rotor 
losses shown are the estimated total losses used in the blade design but that the profile losses 
do not agree with the loss correlation in the design report (Figure 35 of Reference 1). Total 
losses are composed of profile and shock losses. In the initial loss estimate, the shock losses 
were high as a result of overestimated supersonic turning. The estimated profile losses, how- 
ever, were low because they were derived by subtracting normal shock model losses (based 

eyer turning, see Reference 6) from high-speed rotor loss data. These normal 
shock model losses were too high in this application, resulting in the low estimate for the 
profile losses. Use of too high an estimate for the shock losses and too low an estimate for 
the profile losses resulted, however, in a realistic estimate for the total losses. Consequently, 
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the shock losses and profile losses were never re-estimated for the final design. Recent data 
indicate that the profile losses indicated by the correlation in Figure 35 of Reference 1 should 
be increased by 0.005 for the low-speed range if the normal shock model of Reference 6 is 
to be used in estimating total losses. 

TABLE 1 

ROTOR BLADE DESIGN DATA 
(STATIONS 5 AND 6 OF FIG. 12) 

Percent 
Span 
From 
Hub? 

5 
10 
15 
30 
50 
70 
85 
90 
95 

Diameter 
at Lead- 
ing Edge (in) 
(Station 5) 

13.12 
14.10 
15.17 
18.28 
22.19 
25.88 
28.45 
29.32 
30.15 

Diameter 
at Trail- 
ing Edge (in) 
(Station 6) 

16.03 
16.79 
17.58 
19.91 
23.09 
26.26 
28.61 
29.41 
30.18 

Mean 
Leading 
Edge Metal 
Angle, Pf*5 
(Degrees) 

34.17 
35.01 
36.17 
39.54 
43.57 
46.96 
49.58 
50.56 
51.58 

Mean 
Trailing 
Edge Metal 

(Degrees) 
Angle, Pf*6 

-36.78 
-31.13 
-26.88 
-13.70 

4.53 
20 .o 2 
30.03 
32.29 
34.15 

Suction 
Surface 
Leading 
Edge Metal 
Angle, P’*s5 
(Degrees) 

41.08 
41.66 
42.46 
45.23 
48.58 
51.19 
53.28 
54.09 
54.97 

Shock 
Angle, P‘*sh 
(Degrees) 

27.18 
28.44 
29.3 1 
32.64 
38.14 
43.54 
46.56 
47.69 
48.69 

Solidity 
0 

2.43 
2.29 
2.’16 
1.90 
1.69 
1.53 
1.44 
1.41 
1.39 

Data are for points along design streamlines which pass the rotor trailing edges at the specified span locations. 
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b. Stator 

The stator vanes are multiple-circular-arc airfoils designed on conical surfaces approximating 
streamlines of revolution. The number of stator vanes was set by acoustical considerations 
at twice the number of rotor blades plus sixteen, which equals 64. A constant radially pro- 
jected chord of 1.83 inches is used, resulting in an aspect ratio of 3.67 (based on average 
vane length, 6.8 inches, and the aerodynamic root chord). The stator-vane metal angles and 
solidities for nine streamlines are listed in Table 2, and aerodynamic design data are presented 
in Appendix 2. 

TABLE 2 

STATOR VANE DESIGN DATA 
(STATIONS 1 1 AND 12 OF FIG. 12) 

Percent 
Span 
From 
Hub? 

5 
10 
15 
30 
50 
70 
85 
90 
95 

Diameter 
at Lead- 
ing Edge (in) 
(Station 11) 

17.72 
18.35 
19.07 
21.14 
23.97 
26.79 
28.86 
29.57 
30.24 

Diameter 
at Trail- 
ing Edge (in) 
(Station 12) 

18.58 
19.1 1 
19.74 
21.60 
24.20 
26.88 
28.90 
29.60 
30.27 

Mean 
Leading 
Edge Metal 
Angle,P*ll 
(Degrees) 

45.34 
43.27 
41.41 
37.70 
34.03 
3 1.46 
30.22 
30.22 
30.42 

Mean 
Trailing 
Edge Metal 

(Degrees) 
Angle, P * 1-2 

-16.48 
-1 5.92 
-15.42 
-13.97 
-10.74 
-12.79 
-1 5.02 
-15.73 
-16.33 

Suction 
Surface 
Leading 
Edge Metal 
Angle, P ' sl 1 
(Degrees) 

49.29 
47.52 
45.74 
42.49 
39.51 
37.56 
36.72 
36.82 
37.17 

Shock 
Angle, P*& 
(Degrees) 

39.06 
37.19 
35.31 
32.50 
30.05 
27.83 
26.56 
26.37 
26.34 

Solidity 
U 

2.1 1 
2.03 
1.95 
1.75 
1.55 
1.39 
1.29 
1.26 
1.23 

+Data are for points along design streamlines which pass the rotor trailing edges at the specified span locations. 
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3. Slot Design 

a. Rotor 

Two slots were designed for the rotor blades to reduce losses in the endwall region and to im- 
prove the flow range of the blades by energizing the suction-surface boundary layer and de- 
laying separation. The slot designs are shown in Figure 2 and are based on performance data 
obtained with unslotted rotor blades presented and discussed in Reference 3. 

The-larger slot extends from the 70 percent span from hub to the 94 percent span location. 
The slot discharge is located at a distance behind the leading edge equal to approximately 
70 percent of the chord. This location was selected to place the discharge behind the mini- 
mum blade passage area to prevent premature choking of the rotor and forward of the posi- 
tion where the discharge angle relative to the suction surface would not exceed about 20 de- 
grees, an angle shown by experience to provide nonseparated flow. The selected discharge 
location lies halfway between the calculated point of maximum suction-surface velocity and 
the estimated point of separation. The slot width was selected using data from Pratt & Whit- 
ney Aircraft cascade tests of a slotted 65/CA(40)07 airfoil in which the ratio of slot width 
to wake momentum thickness was investigated. The selected slot width provides an adequate 
covered area for flow guidance and results in an estimated slot flow equal to 3 percent of the 
flow in the channel between the slotted airfoils. No slot wall convergence was used for con- 
venience and because the slot entrance Mach numbers were sufficiently high to energize the 
suction surface boundary layer. Also, previous testing under Contract NAS3-76 14 (Reference 
7) showed that airfoil slots are susceptible to choking because of the boundary-layer growth 
in the slot. 

The rotor tip slot was designed to improve the generally poor tip flows due to outer case 
boundary layer. It extends from the 95 percent span location outward through the rotor tip 
and discharges at a distance from the leading edge equal to 20 percent of the blade chord. 
Because of its location in the boundary layer, the discharge from this slot does not need to 
be positioned behind the minimum passage area. The slot discharges at an angle of 11 degrees 
to the suction surface. The slot width was selected at the maximum value that still provides 
a covered slot area for flow guidance. The flow through the slot is estimated to be approxi- 
mately 2 percent of the channel flow in the outer 5 percent of blade span. Slot edge radii 
were selected mainly by fabrication rather than aerodynamic considerations. 

b. Stator 

Slots were provided at both ends of the stators to energize case boundary layers and thereby 
increase the stator stall range and reduce losses. No slots were provided in the midspan region 
because previous tests with unslotted airfoils (discussed in Reference 3) showed good perfor- 
mance in this region. 

The designs of the stator slots are shown in Figure 3. At each end, the slots extend radially 
from the endwall to a distance equal to 5 percent of the stator span. The slots discharge at 
a distance from the leading edge equal to 20 percent of the stator chord and at an angle of 
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15 degrees to the suction surface. In this position, the slots are as far forward as permitted 
by the vane geometry while discharging at a maximum angle of 15 degrees. The slots were 
made as wide as possible while still retaining a covered slot area for flow guidance. No con- 
vergence was provided in the slot passage for the same reasons as given above for the rotor. 

ub Slit Modification 

As discussed in Reference 3, stator-hub-slit suction reduced stator-hub-endwall losses during 
testing of the unslotted fan stage. For the tests with the unslotted fan stage, the slits were 
0.017 inch wide and extended from the 15-percent chord position to the 85-percent chord 
position in the suction-surface corner between the stator vane and the inner case. Dotailed 
design criteria are included in Reference 1. For the present tests, the slit width was increased 
to 0.030 inch in an attempt to determine the effect of increased slit flow. Typical suction 
slits are shown in Figure 4. 

5. Honevcomb Tip Treatment Design 

For some of the rotor tip treatment tests, a honeycomb structure produced by brazing alter- 
nate layers of corrugated stainless steel and flat plates was used in the outer casing over the 
rotor blade tips to improve the rotor stall range. As shown in Figure 5, the honeycomb struc- 
ture extended from 0.2 inch upstream of the rotor leading edge to 0.6 inch downstream of 
the rotor trailing edge. The cells of the honeycomb were inclined in the direction of rotation 
at an angle of 70 degrees to the radial direction (see Reference 5). For initial tests, the cells 
were open at both ends, and an enclosed plenum was provided over the outer ends. However, 
provisions were included to reduce the volume of thepplenum and also to close off, or band, 
the outer ends or backside of the cells. The length of the cells was selected to be in resonance 
with blade passing frequency at 95 percent of design speed, assuming that the cells operated 
as open-ended organ pipes. 

6. Vortex Generator Tip Treatment Design 

Vortex generators were provided on the outer case upstream of the rotor blades to induce 
high-momentum air from the free stream into the wall boundary layer by turbulent mixing. 

he design criteria are presented in Reference 8. The geometric configuration was based on 
the rotor blade leading-edge boundary layer thickness, which was calcu 
on the basis of flat-plate theory with corrections for wall convergence. 
and actual design dimensions are listed in Table 3. 

The vortex generators were fabricated from available NACA Series 65 bar stock with a chord 
of 0.98 inch, B thickness-to-chord ratio of 0.09, and a camber of 25 degrees. Eighty generators 
were positioned symmetrically in pairs to produce counter-rotating vortices, and a stagger 
angle of 14 degrees was used to produce the maximum lift-to-drag ratio. 
graph of these vortex generators. 

igure 6 is a photo- 
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Height 

Chord 

Tangential Spacing 

Distance Upstream 
of Rotor Blade 

B. Test Facility 

TABLE 3 

VORTEX GENERATOR DESIGN DATA 

Design Value 
Design Criteria (Inches) 

Approximately 1.1 x Boundary Layer Thickness 0.45 

Approximately 2 x Height 0.98 

Approximately 2.7 x Height 1.21 

Approximately 20.0 x Boundary Layer Thickness 8.0 

The test program was carried out in the sea-level test stand (X-202) shown schematically in 
Figure 7. The stand is equipped with a gas-turbine drive engine using a 2.1 : 1 gearbox to pro- 
vide the optimum speed-range capability. 

The entering airflow is measured through a calibrated nozzle. From the nozzle, the air flows 
through a 72-foot-long straight section of 42-inch-diameter pipe to a 90-inch-diameter inlet 
plenum. A wire-mesh screen is supported midway through the plenum to provide a uniform 
pressure distribution to the test compressor. 

The compressor discharge flow is exhausted into a toroidal collector, after which it flows 
into a six-foot-diameter discharge stack. A six-foot-diameter valve in the exhaust stack and 
two smaller valves in the bypass line provide accurate control of the back pressure to the 
compressor. 

leed suction for the stator-hub suction slits was provided by the test facility exhausters. 
Eight bleed lines provided the air passage from the stator hub cavity to the exhaust header 
in the stand. 

Inlet distortion patterns were created by overlaying screens with various mesh sizes to pro- 
duce the maximum pressure dro he screens were mounted on a supporting base screen 
which had a one-inch mesh size. these tests, the flow was distorted radially by covering 
the outer two-fifths of the inlet annulus with screens that had the same porosity as that 
which produced th maximum distortion during previous testing with unslotted airfoils. This 
level of distortion 
speed. 

) was equal to approximately 0.12 at 95 percent of 



Several different inlet configurations were required for the various types of testing performed 
during this program. As shown in Figure 1 , performance testing with inlet flow distortion 
was done with distortion inducing screens positioned 32 inches upstream of the rotor blade 
leading edge. A photograph of the distortion support screen is shown in Figure 8. For per- 
formance testing with uniform inlet flow, the distortion screen and its support struts (Figure 
1) were removed and the tip of the stationary nose cone was 30 inches upstream of the rotor 
leading edge. A photograph of the uniform inlet flow configuration is shown in Figure 9. 
For noise measurements, all the inlet support strub were removed and the stationary nose 
fairing was replaced with a short rotating nose cone, as shown in Figure 10. 

The same discharge section was used for all tests and included eight discharge support struts 
located 7 inches downstream of the stator. 

C. Instrumentation and Calibration 

1. Aerodynamic Instrumentation 

Airflow was measured with a flow nozzle designed to ISA flow-nozele specifications (Refer- 
ence 9). Flow measurements made with this system are accurate to within one percent. 

The compressor speed was measured with an impulse-type pick-up, which is an electromagne- 
tic device that counts the number of gear teeth passing within an interval of time and converts 
the counts to revolutions per minute. The accuracy of the speed measurements was within 
0.2 percent of the indicated speed between 3600 and 8900 rpm. 

The instrumentation used for measuring the overall and the blade-element performance data 
are listed in Table 4. Typical probes are shown in Figure 1 1. The axial and circumferential 
positions of the instrumentation are shown in Figures 12 and 13, respectively. 

All traversing probe measurements were made at nine radial locations defined by streamlines 
which passed the rotor trailing edge at the 5, 10, 15, 30, 50, 70, 85,90, and 95 percent span 
locations. In addition, boundary-layer surveys were conducted during uniform inlet flow 
tests without tip treatments, with the combination probe located behind the rotor at the 
2.5, 3.75, 7.5, 92.5, 96.25, and 97.5 percent span locations; with the wake-rake probe behind 
the stator at the 2.5, 3.75, 7.5, and 92.5 percent span locations, and with the disk probe be- 
hind the stator at the 3.75, 7.5,92.5, 96.25, and 97.5 percent span locations. These data im- 
proved the distributions of pressure used in the flow field calculations. The fixed radial rakes 
for measuring total pressure near the rotor leading edge (Stator 4, Figure 12) were in place 
only during the testing with inlet flow distortion. 

Transducers were used to measure pressures on all probes, fixed rakes, and static pressure 
taps, and the results were recorded in millivolts by an automatic data-acquisition system. 
The pressures measured with this system were accurate to within 0.12 in g. All traversing 
probes were calibrated for ch number as a function of the indicated static-to-total pres- 
sure ratio and pitch angle. addition, for the disk probes, the total pressure recovery and 
yaw angle deviation were calibrated as functions of ach number and pitch angle. For the 
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combination probes, total pressure and total temperature recovery were calibrated as a func- 
tion of Mach number and pitch angle, but there is no yaw angle deviation. The angular po- 
sition of all the air-angle measurement instrumentation was accurate to within one degree. 

All temperatures were measured with Chromel-Alumel Type K thermocouples, and the data 
were recorded in millivolts by the automatic data-acquisition system. All temperature sens- 
ing elements and the leadwires were calibrated over their full operating temperature range. 
All temperature instrumentation was calibrated for temperature recovery as a function of 
Mach number. The overall RMS temperature accuracy was estimated to be within 0.7"F 

Strain gages were installed on critical stationary and rotating parts to determine the levels 
of steady and vibratory stress over the operating range of the compressor. The locations of 
the rotor and stator strain gages are shown in Figure 14. 

TABLE 4 

PERFORMANCE AND BLADE-ELEMENT INSTRUMENTATION 

Instrument 
Plane Location Parameter Type and Quantity 

Station 0 

Station 0.1 
Station 0.2 
Station 1.1 
Station 2.1 

Station 4 

plenum chamber P 

rotor inlet 

T 

6 pressure taps on plenum wall, 
4 on automatic data-acquisition 
system transducers, 2 on mano- 
meters 

6 bare wire thermocouples, 4 on 
automatic data-acquisition sys- 
tem, 2 on self-balancing precision 
potentiometers 

inlet noise 8 condenser-type microphones 

P . and 2 I. D. wall static 
taps located top and bottom dead 
center 

Y PYP 

P 

P 

2 disk traverse probes 180 de- 
grees apart, 9 radial positions* 

. wall static taps 

2 fixed radial rakes spaced 180 
degrees apart, 9 radii* 



TABLE 4 (Cont'd) 

PERFORMANCE AND BLADE-ELEMENT INSTIRUIVEN 

Instrument 
Plane Location Parameter 

Station 6.1 rotor exit P 4 0. D. and 4 I. D. wall static taps 

Station 10 stator inlet p, P, P ,  T 2 combination traverse probes, 9 
radial positions* 

P 4 0. D. and 4 I. D. wall static taps 
located on extension of mid- 
channel line 

P 4 0. D. and 4 I. D. wall static taps 
spaced across vane gap 

Station 13 stator exit P 

T 

2 equally spaced, 14-element 
circumferential wake rakes tra- 
versable to each of nine radial 
locations.* 

6 fixed radial temperature rakes at 
each o f 9  radii*, spaced circumfer- 
entially to obtain readings across a 
vane gap. A 7th probe located 180 
degrees from a probe spaced in the 
center of a channel was installed 
for checking purposes and subse- 
quent distortion testing. 

p, P, P 2 disk traverse probes, 9 radial 
positions* 

P 

P 

4 0. D. and 4 I. D. wall static taps 
located on extension of mid- 
channel line 

4 0. D. and 4 I .  
spaced across vane gap 

. wall static taps 

downstream 1 crystal microphone 
noise 

Station 1 5.1 rig exit 1 fixed five-element radial rake 

"Radial position of each axial station defined as the intersection of the axial station and the 
design streamline which passes through 5, 10, 15,30, 50, 70, 85,90 and 95 percent of pas- 
sage-height locations at rotor trailing edge. 



The parameters listed in Table 5 could be recorded continuously to provide detailed data dur- 
ing transients and stalls. Rotor discharge pressures (using high-response-rate quartz-crystal 
probes), rotor and stator strain gages (Figure 14), and a rotor-speed timing signal were recorded 
on oscillograph tape. The other parameters listed in Table 5 were recorded continually on 
printed tape at the rate of ten readings per second. The oscillograph data primarily provided 
relative time data, while the data recorded on printed tape provided calibrated pressure data. 

TAJ3LE 5 

CONTINUOUSLY RECORDED PERFORMANCE INSTRUMEN 

nstrument 
Plane Location 

flow nozzle 

Station 0.0 inlet plenum 

Station 0.1 instrumentation 
ring 

Station 4 rotor inlet 

rotor blade 

Station 6.1 

Station 10 

Station 13 

rotor exit 

stator inlet 

stator vane 

stator exit 

Parameter Type and Quantity 

P 

e.m.f. 

P, frequency 

P 

P 

e.m.f. 

P 

upstream static 

inlet pressure 

1 O.D. wall static tap 

4 strain gages at hub sec- 
tion max thickness, 2 
gages at hub leading edge 
(Figure 14) 

3 quartz-crystal dynamic- 
pressure probes, at unequal 
circumferential spacing. 
Sensors located at 25, 50 
and 85 percent of blade 
height from hub (for 
detection of rotating stall) 

1 strain gage at O.D. trail- 

1 O.D. wall static tap 

Recorded" 

PT 

PT, OT 

PT 

PT 

OT 

QT 

PT 

OT 
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TABLE 5 (Cont’d) 

Instrument 
Plane Location Parameter Type and Quantity Recorded* 

Station 15.1 rig exit P 1 element of fixed 5-element PT 
radial rake 

gearbox N impulse pickup in gearbox PT, OT 

*PT refers to printed tape 
OT refers to oscillograph tape 

With the oscillograph data, rotating stall could be detected, and the part of the fan stage in- 
ducing stall could be identified. Rotating stall was detected using the high frequency re- 
sponse pressure probes at the rotor exit (Station 6.1). Stall was detected and the stalling 
airfoil row was determined by observing the response of the strain gages on the blades and 
vanes as recorded on the oscillograph trace during the stall. The airfoil row first to show an 
increase in stress is believed to be the row inducing stall. The signals from the high frequen- 
cy response pressure probes and the strain gages were also monitored on oscilloscope screens, 
but the sequence of events was too rapid to permit visual determination of which gage re- 
sponded first. Stall was also identified during testing by the abrupt increase in the down- 
stream nozzle static pressure. 

2. Acoustic Instrumentation 

The compressor inlet noise was measured using microphones at the locations shown in Figure 
15. These locations were the same as those used during unslotted stage testing (Reference 3). 
They were selected on the basis of tests that determined both the reverberation time and the 
sound-pressure-level distribution within the inlet. These tests are discussed in detail in Refer- 
ence 3. 

In addition to the microphones installed in the inlet, a one-quarter-inch diameter dynamic 
pressure transducer (crystal microphone) was installed in a probe located one inch downstream 
of the stator trailing edge to obtain blade-passing-frequency data downstream of the fan stage. 
Three different radial locations of the probe were investigated of which one was selected for 
subsequent noise measurements (Figure 15). 

A block diagram of the acoustic recording system used during the compressor tests is shown 
in Figure 16. The outputs from each condenser microphone and from the one-quarter-inch 
diameter crystal microphone passed through a monitor and signal attenuator which amplified 
or attenuated the signals to the level providing the optimum input voltage range for the tape 
recorder. All data were recorded in the FM mode on magnetic tape at a speed of 30 inches 
per second. 



D. Test Procedure 

Initial testing consisted of stress surveys along operating lines with wide-open and near-stall 
throttle settings. These tests showed high rig vibrations and large rotor-blade tip movements 
(0.01 7 inch) at 80 percent of design speed. Consequently, the rotor and shaft were rebalanced 
using a strumming technique which minimized random seating of the pin-rooted blades at the 
900 rpm balancing speed. After rebalancing, acceptable rig vibration levels were obtained. 

Shakedown tests with the slotted airfoils, solid outer case, and uniform inlet flow included 
an evaluation of the effect of stator-hub-slit suction on the stage stall margin as well as an 
overall evaluation of the stall characteristics of the fan stage. Since these tests showed that 
slit suction improved the stall margin and since previous tests had shown that slit suction 
improved the stage efficiency, all subsequent testing was performed with slit suction. 

The slotted fan stage was tested with uniform-, and with tip radially distorted-inlet flow to 
evaluate slot effectiveness. Then various rotor tip treatments were tested. Because the shake- 
down tests with uniform inlet flow revealed that stage stall was induced by the stator hub (at 
speeds above 80 percent of design speed), the rotor tip treatment tests with uniform inlet 
flow were mainly to determine possible efficiency decrements if such treatment were subse- 
quently found desirable from the distorted inlet flow tests. Most of the testing with rotor 
tip treatments was herformed with tip radially distorted-inlet flow. Here the rotor tip stalls 
before the stator - - thereby permitting evaluation of the effectiveness of the tip treatments 
in extending the stall range of the stage, and also their effectiveness in improving tolerance 
to distorted inlet flow. 

The basic fan stage with slotted airfoils was tested with uniform inlet flow at 80 and 100 
percent of design speed. Performance data were obtained at five throttle settings at 80 per- 
cent of design speed and at six throttle settings at design speed. Tests were performed with 
radial inlet distortion at 80, 90, and 95 percent of design speed, with data being obtained at 
four throttle settings at each speed. Excessive blade vibration prevented distortion testing 
at speeds above 95 percent of design speed. These data provided a baseline for evaluating 
the effects of the tip treatments. 

The rotor tip treatments tested with radial inlet distortion were (1) vortex generators, (2) 
vortex generators and honeycomb, (3) honeycomb without vortex generators, (4) partially 
backed honeycomb, and (5) fully backed honeycomb. 

The honeycomb was partially backed by covering the forward 20 percent of the outer honey- 
comb openings with 1 /g-inch-thick rubber. This provided backed honeycomb rearward to 
the approximate location of the minimum pressure on the suction surface and placed the 
rotor tip slot forward of the honeycomb with open cells. 

Each tip treatment configuration was tested with radial inlet distortion at 80, 90, and 95 
percent of design speed with three to five operating points being obtained at each speed. 
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Following the tests with radial inlet distortion, performance testing was conducted with uni- 
form inlet flow and open honeycomb without vortex generators. Data were obtained at 80, 
90, 95, and 100 percent of design speed with three throttle settings at each speed. Stall 
operation above design speed was avoided throughout all tests because of the high stator 
stresses experienced with the unslotted stage (Reference 3). 

No circumferential inlet distortion tests were performed with the slotted stage. 

To prevent data inaccuracies caused by probe blockage effects, the four stator-discharge 
probes were immersed at one time, and the four remaining traversing probes were immersed 
following retraction of the stator discharge probes. This technique eliminated interaction 
effects. Each traverse sequence was preceded by a reading of the fixed instrumentation to 
verify the compressor operating condition. 

For noise measurements, all radially mounted instrumentation was removed except the five- 
element pressure rake at the rig exit. Noise measurements were then made at 80, 90, 95, 
100, 105, and 1 10 percent of design speed. 

The final test consisted of running a checkpoint at design speed with uniform inlet flow and 
no tip treatment. This test verified that no degradation or change in performance occurred. 
At the end of the test program, the blades and vanes had completed 367 hours of testing. 

E. Data Reduction Techniques 

1. Aerodynamic Data 

All performance data were automatically recorded in millivolts on computer cards. These 
data were then converted to engineering units and corrected and averaged as described in 
the following sections. 

a. Pressure Data From Fixed-Element Probes 

Data obtained from total-pressure probes located in supersonic flow were corrected for shock 
losses. 

he circumferential total pressure distributions indicated by the two wake rakes were mass- 
flow-averaged at each radial position, using a constant circumferential static pressure deter- 
mined by linearly interpolating the wall static pressure data. Peak values from the circum- 
ferential pressure distribution indicated by each wake rake were chosen to represent tbe 
stator exit free stream and rotor exit pressures. 

A stator wake blockage factor (defined in Appendix 1) was calculated at each radial position 
for use in the flow-field calculation program to improve the accuracy of the static-pressure 
and velocity calculations. 
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Free stream pressures, circumferentially mass-flow-averaged pressures, and wake-blockage 
factors from both rakes were each arithmetically averaged at each radial location. The re- 
sulting radial distributions were then radially mass-flow averaged by the flowfield analysis 
program to calculate the overall performance. The radial distributions of static pressure 
required for radial mass-flow averaging were calculated by the flowfield analysis program. 

rom Traversing Combination and Disk Probes 

The combination and disk probes provided measured total pressure, measured air angle, 
calibrated Mach number, and calculated static pressure at the selected radial locations. In 
addition, the combination probes provided measured total temperatures. These data served 
as a check on that from fixed-element pressure and temperature probes. 

The measured total pressure, total temperature, and flow angle from these probes are cor- 
rected using Mach number recovery calibration curves for individual probes. Mach number 
is determined from calibration of measured total and measured static pressure. The result- 
ing calibrated Mach number and corrected total pressure are then used in conjunction with 
standard air property tables to calculate the static pressure. Of this measured traverse data, 
only air angles are used in the flow field calculation, other data are used for checking and 
for substantiating flow field calculations. 

c. Stationary Temperature Probe Data 

The stationary temperature probes consisting of six radial rakes approximately equally spaced 
about the annulus behind the stator with each rake located at a different circumferential po- 
sition relative to a stator gap were calibrated for Mach number and pressure level. The varia- 
tions in recovery correction factor with pressure were applied as noted in Reference 10. A 
circumferential mass-flow average was calculated at each radial position and used in the flow- 
field calculation. The circumferential total-pressure distribution required for this calculation 
was obtained from the wake rakes. 

d. Overall Performance Calculations 

Overall performance parameters of corrected speed (N , corrected weight flow ( 6 1, 
total temperature ratio across rotor or stage (T6/T5 or T12/T5), total pressure ratio across 
rotor or stage (P6/P5 or P 12/P5), and adiabatic, also polytropic efficiencies across rotor or 
stage (q ad, qp) are tabulated in Appendices 2 through 8. Overall performance for the rotor is 
tabulated along the bottom of the rotor data and for the stage along the bottom of the stator 

pressure measurements along streamlines to the blade edges. Overall performance parameters 
were based on conditions of the rotor leading edge (Station 5). With radially distorted inlet 
flow, performance was based on the measured, mass-flow-averaged pressure at the rotor inlet 
instrument plane (Station 4). Discharge total pressures and temperatures for overall perfor- 
mance calculations were measured with fixed element probes and mass-averaged as previously 
described. 

his performance is calculated from the flow field analysis program which translates 
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The overall stall performance data consisted of airflow and rotor speed. Stall flow was cal- 
culated from the flow nozzle pressure recorded on printed tape using the continuous record- 
ing mode. Rotor speed at stall was calculated from the frequency-modulated signal recorded 
on the oscillograph trace. Pressure ratio at stall was estimated from extrapolation of overall 
performance data at constant speed. Stall data appears on the overall performance figures. 

e. Flowfield Analysis Computer Program 

The blade-element performance data tabulated in Appendices 2 through 8 was calculated using 
a flowfield analysis computer program. Calculations were made at 19 streamlines using flow- 
path geometry and measurements at 9 fixed radial locations defined by design point stream- 
lines passing through the rotor trailing edge at 5, 10, 15, 30, 50, 70, 85, 90, and 95 percent 
of the passage height. All parameters were corrected to standard-day conditions. The mea- 
surements and blockage estimates used for the solution of the flowfield program were: 

1. Compressor Inlet (Station 0, Figure 12): Corrected weight flow and corrected 
rotor speed. 

2. Rotor Inlet Instrument Plane (Station 4): Constant radial distribution of stan- 
dard-day temperature, axial inlet absolute air angle, constant radial distribution 
of standard-day pressure for tests with uniform inlet flow, and radial distributions 
of total pressure from the two rotor-inlet rakes for tests with radial inlet distor- 
tion. (The radial mass-averaged pressure was adjusted to standard-day conditions.) 
Estimated blockage factor to account for wall boundary layer. 

3. Stator Inlet (Station 1 1): Radial distribution of total-pressure free-stream values 
from the wake rakes behind the stator divided by the rotor inlet total pressure. 
Estimated blockage factor to account for wall boundary layer. 

4. Stator Exit Instrument Plane (Station 13): Radial distribution of total tempera- 
ture from the circumferentially mass-averaged temperature rake data divided by 
the rotor inlet total temperature, radial distribution of the total pressure data from 
both wake rakes divided by the rotor inlet, total pressure, radial distribution of the 
wake rake blockage factors from both wake rakes, and the radial distribution of 
the absolute air angle from the two disk probes. 

All static-pressure distributions and air angles behind the rotor were calculated by the com- 
puter program on the basis of mass-flow continuity, radial equilibrium, and energy equations 
assuming axisymmetric flow. Curvature, enthalpy, and entropy gradient terms were used in 
the equlibrium calculations. lade-element performance at the blade edges were calculated 
by translating the measured data from the instrument planes along streamlines. The blade 
element performance parameters are presented at the nine radial locations defined by stream- 
lines passing through the rotor trailing edge at 5, 10, 15, 30, 50, 70, 85, 90 and 95 percent 
of the passage height. 
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2. Acoustic Data 

The acoustic data were reduced using the system shown in Figure 17. The tape-recorded 
data were processed through a wave analyzer having a 50-Hz bandwidth filter. The output 
of the analyzer was then recorded on a graphic-level recorder so that a trace of sound pres- 
sure level as a function of frequency could be obtained. From these traces, broadband noise 
and supersonic-tip-speed combination tone (multiple pure tones or “buzz saw”) noise were 
evaluated. Blade-passing frequency data were time averaged for 30 seconds at each compres- 
sor operating point. This was accomplished by tuning the wave analyzer to the blade-passing 
frequency and obtaining a trace on the recorder of the sound pressure level at this frequency 
as a function of time. 

The supersonic fan noise (combination-tone noise) was computed by summing the sound 
pressure levels of the discrete frequency tones below the blade-passage frequency but at in- 
tegral multiples of the rotor speed. The discrete frequency levels were obtained directly 
from the 50-Hz bandwidth spectrum traces from each of the microphones and were logar- 
ithmetically averaged. 

The average acoustic power level for each one-third-octave band was calculated for the broad- 
band noise from the following equation, which is derived in Reference 3. 

PWA = SPL + 10 log v - 10 log H - 19.4 dB 

In order to determine the average value of the broadband sound pressure level to use in this 
equation, each spectrum trace was marked in preferred one-third-octave bands. The average 
pressure reading within each band was then determined after deleting all discrete frequency 
tones. A correction was then applied to the averaged sound pressure level to account for the 
fact that a 50-Hz bandwidth filter was used rather than a one-third-octave filter. The correc- 
tion involved addition of the factor 10 log (fzl50) where fz is the bandwidth of each one- 
third-octave expressed in Hertz. 

The values of the corrected broadband sound pressure levels from each microphone were then 
averaged logarithmically within each one-third-octave band for each operating point. These 
average broadband sound pressure levels and the reverberation time determined experimentally 
(Reference 3) were used to calculate the radiated sound power level from the acoustic power 
level equation. 

The equivalent volume of the plenum chamber, v, in the acoustic power-level equation is 
particularly difficult to determine for an open-ended plenum such as used for these tests. 
The calculated power level, however, is relatively insensitive to chamber volume, since 
doubling the volume raises the calculated power level by only 3 d . In any event, the data 
trends are not affected by the volume used in the calculations because the volume is a con- 
stant. A good approximation of the volume was considered to be 442 ft3. 
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IV. RESULTS AND DISCUSSION 

A. Introduction 

The effects of stator-hub-slit-suction on fan stage stall are presented first. Because the bene- 
fits of stator-hub-slit-suction were significant it was used for all subsequent tests. The effects 
of slotted blades and vanes and then the effects of rotor tip treatments are discussed in sepa- 
rate sections. Within each of these two sections, topics in the order presented are: overall 
performance and stall investigation, blade element aerodynamic data, stress survey, and 
noise measurements. 

B. Stator-Hub-Slit Suction 

Investigation of the effects of stator-hub-slit suction during this program was restricted to 
determining the effects of the slit suction on fan stage stall characteristics. The effects on 
steady state performance were determined previously using unslotted blades and vanes, and 
the results were documented in Reference 3. 

To determine the effects of slit suction on the stall characteristics of the fan, tests were per- 
formed with and without suction slit airflow. The results are shown in Figure 18 and indicate 
that slit suction extends the stall flow range at speeds from 80 to 100 percent of the design 
speed. The improvement with suction ranges from about 8- to about 4-percent from 80- to 
100-percent speed, respectively. (Although stall flows at speeds less than 80 percent of design 
speed were not measured, stator slit suction should have little effect on stall flows there be- 
cause the rotor tip appears to induce stage stall at the lower speeds as discussed below.) The 
stall flow rate obtained during these tests at design speed with suction-slit flow agrees reasonably 
well with the flow rate of 172.5 lb/sec obtained during shakedown testing of the uslotted fan 
(Reference 3), which was also run with slit suction. 

Strain-gage and high-response-rate pressure data were obtained during stalls without slit suction 
at design speed and at 80 percent of design speed with uniform inlet flow, and the results are 
shown in Figures 19, 20, and 2 1. The later two figures, both for 80 percent of design speed, 
differ in that Figure 20 does not contain high-response rate pressure traces that were available 
from a similar test the results of which are shown in Figure 21. At both speeds, the strain- 
gage data indicate that vibrations occurred in the stator vanes before they occurred in the 
rotor blades, indicating that the stator induced stall. Comparison of the high-response-rate 
pressure data in Figures 19 and 2 1 shows that the period of the rotating stall is about 0.01 8 
seconds for the stall at 100 percent of design speed compared with about 0.01 1 seconds for 
the stall at 80 percent of design speed. 

Comparable strain-gage and high-response-rate pressure data were obtained during stalls with 
slit suction at design speed and at 80 percent of design speed with uniform inlet flow and the 
results are shown in Figures 22 and 23. At design speed (Figure 22), stage stall produced 
vibrations in the stator vanes slightly before those in the rotor blades. (The rotor blade 
vibration frequency shown in Figure 22 is 180 Hertz, which is the natural first-mode bending 
frequency for the blades.) Further evidence that the stator induced stall at design speed is 
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the static pressure data shown in Figure 24. All data shown on Figure 24 except for that at 
stall represent averages of the static pressure measured by pressure taps on the inner and 
outer cases. The points shown at stall were obtained from transient data records. The sharp 
drop in the static pressure ratio across the stator at stall without a similar drop in the pressure 
ratio across the rotor is a clear indication that the stator stalled first. Comparable static pres- 
sure data at 80 percent of design speed is not available. However, the strain-gage data at 80 
percent of design speed in Figure 23 clearly shows that rotor vibrations start before stator 
vibrations, indicative of rotor induced stall. Thus the benefits of stator hub slit suction were 
sufficient at 80 percent of design speed to delay stator hub stall until the rotor stalled first. 
Other strain-gage data, not shown, indicates that at 50 and 65 percent of design speed the 
rotor causes stall even without stator-hub-slit suction. 

The width of the stator-hub slits in this build of the fan was 0.030 inch, compared with a 
width of 0.017 inch in the build discussed in Reference 3. However, the effects of slit suction 
flow rate could not be determined because the flow rate for both series of tests was limited 
to 0.2 percent of the total flow by the eight suction lines used to evacuate the stator-hub 
plenum. 

C. Slotted Blades and Vanes 

1. Overall Performance and Stall Investigation 

The effect of the blade and vane slots on the overall stage performance with uniform inlet 
flow is shown in Figure 25. At design speed, the peak stage overall efficiency was essentially 
the same with and without slots. The maximum efficiency obtained with slots was 88.3 per- 
cent. It was achieved at a corrected flow of 176.45 lb/sec and a pressure ratio of 1.497. At 
80 percent of design speed, the slots increased the peak stage efficiency by about 2.3 percen- 
tage points to 90.8 percent with little change in overall stage pressure ratio. The increase in 
efficiency can be traced mainly to improved rotor performance between the midspan region 
and the tip. 

The overall rotor performance showing the effect of rotor blade slots is presented on Figure 
26. At 80 percent of design speed, rotor slots are effective only in the mid flow range, where 
they provide about 1.6 percentage points improvement. 

At design speed with slots, the stall flow of 17 1.5 lb/sec agrees within 1 .O lb/sec with that 
obtained with the unslotted fan as noted earlier. However with slots this stall flow was ob- 
tained repeatedly, whereas without slots it was attained once at the start of shakedown test- 
ing and was not repeatable. Usually the unslotted fan stage stalled near 182 lb/sec (Reference 
3). At 80 percent speed the stall flow was 120.5 lb/sec without slotted blades and vanes and 
123.5 lb/sec with slots. 

The traces produced by the high-response-rate pressure instrumentation shown earlier in 
Figures 22 and 23 show the strength and period of the rotating stall at the rotor exit. The 
period of the rotating stall is essentiallythe same as that recorded previously during tests 
without slots. However, with the slotted rotor, the rotating stall appears to be strongest at 
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the hub, mid section, and tip at 80 percent of design speed. Data obtained for the unslotted 
rotor indicated that the rotating stall was strongest at the midspan and tip at both 80 and 
100 percent of design speed. 

The stage performance with radially distorted inlet flow is shown in Figure 27. At these 
conditions, the combined rotor and stator slots improved overall efficiency about 2.5 per- 
centage points with higher total pressure ratios at all speeds tested. Very little change in stall 
line was observed. Also, there was no change in the rotating stall period with speed as there 
was with uniform inlet flow (Figures 19 and 21). The overall rotor performance showing the 
effect of slots with radial distortion is presented in Figure 28. Here, the efficiency benefits of 
rotor blade slots increase as speed increases from 80 to 95 percent of design speed. 

The deterioration in stall margin with inlet distortion is not attenuated with slots. At 80 
percent of design speed, stall margin (defined in Appendix 1) was reduced about 10 percen- 
tage points with tip radial distortion. However, a similar reduction occurred with the un- 
slotted stage (Reference 3). 

The effects of stage, then rotor, and thus stator slots on the peak efficiency at each condition 
tested are summarized in Table 6. 

TABLE 6 

EFFECTS OF SLCrrS ON MEASURED PEAK OVERALL EFFICIENCY 

Percent 
Corrected 
Design Speed 

Uniform Inlet Flow 
80 

100 

Improvement (Percentage Points) 
Stage Rotor Stator 

+2.3 +1.6 +0.7 
+o. 1 +O. 5 - 0.4 

Tip Radially Distorted Inlet Flow 
80 +2.4 +0.7 +1.7 
90 +2.3 +1.1 +1.2 
95 +2.5 +1.4 +1.1 

2. Blade Element Aerodynamic Data 

The complete tabulations of blade-element data at nine different radial positions obtained 
during testing of the slotted fan stage with uniform and radially distorted inlet flow are pre- 
sented in Appendices 2 and 3, respectively. Rotor blade losses, deviations, and loadings are 
plotted as functions of incidence angle in Figure 29 for uniform inlet flow. Similar data for 
the stator are shown in Figure 30. The data obtained with radially distorted flow are shown 
in Figure 3 1 for the rotors and in Figure 32 for the stators. 
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A significant improvement in overall rotor efficiency was demonstrated by slotted rotor 
blades at 80 percent of design speed, uniform inlet flow (Table 6). The effect of the rotor 
slots can be seen from the spanwise distribution of blade loss (Figure 33a). Improvements 
in stator loss at the hub due to slotting are shown for the same operating point as the rotor 
(Figure 33b). 

Rotor slots have an effect upon maximum stage flow at design speed as shown in Figure 25. 
(The maximum flow at design speed is probably limited by the rotor blading.) With slots, 
the maximum obtained corrected flow at design speed was 184.37 lb/sec compared with 
186.47 lb/sec for the unslotted stage. At wide open discharge throttle, a comparison of 
slotted with unslotted rotor data shows a change in the rotor total pressure ratio distribution, 
Figure 34a, and also the specific flow (flow/area) at the rotor exit, Figure 34b. As shown, 
the rotor slots slightly improved the total pressure and specific flow in the tip region (region 
of slots) but elsewhere, particularly in the midspan region, there were degrading effects. Also 
sliown (Figure 34) are slotted rotor data at a corrected flow of 183.73 lb/sec, about 0.6 
lb/sec less than the maximum. At this flow and at 50-percent span, the total pressure ratio 
improved to only slightly less than that for the unslotted rotor at 186.74 lb/sec and yet the 
specific flows there differ as before. Thus the effects of slots on maximum flow are not con- 
fined to the spanwise region of the slots and it appears that more than total pressure changes 
are involved. 

Rotor exit specific flows over the outer 30-percent span remain essentially constant with 
back pressure at design speed, as shown by Figure 35. These tip region specific flow values 
are all less than design. Similar performance is found in the unslotted rotor data fit both 
95- and 100-percent of design speed (Reference 3). Although this unchanging specific flow 
with throttle position suggests choked flow, other evidence, like increasing losses as the throt- 
tle is opened, is lacking. Also, the large turning past axial at the rotor hub results in an energy 
addition at the rotor hub that decreases. while that at the tip increases as the throttle is closed. 
Such a design may be a factor in the specific flow trends of Figure 35. Another reason for 
not attaining design specific flow near the rotor tip is due to the higher than design rotor de- 
viation angles over the outer 30-percent span (Figure 29). These large deviation angles pre- 
clude the attainment of design total pressures and thus design axial velocities at the rotor exit. 
The specific flows are directly reduced when axial velocities are reduced. Similar higher than 
design deviation angles were also evident in the tip region of the unslotted rotor. Thus the 
addition of rotor tip slots had little effect on deviation angles near design speed. The need 
for additional camber in the tip region of this rotor seems indicated. However it should only 
be considered with caution. Present design diffusion factors are near 0.5 in the rotor tip re- 
gion and losses increase rapidly with diffusion factor in this range. 

3. Stress Survey 

The vibratory stresses in the rotor and stator were not perceptibly different from those of 
the unslotted stage. Similar to the unslotted rotor, the slotted rotor experienced first-bend- 
ing mode blade flutter that prevented testing above 95 percent of design speed with tip radial 
inlet distortion. The slotted stator stresses exceeded the maximum allowable stress of 10,000 
psi at 1 15 percent of design speed during testing with uniform inlet flow. 

24 



4. Noise Measurements 

Inlet noise measurements were made of the slotted fan stage, and comparisons were made 
with the unslotted fan stage, Reference 3. Comparisons of broadband noise versus blade tip 
relative Mach number are shown on Figure 36 for the same 1/3 octave bands used in Reference 
3, which represent typical low, middle, and high frequency bands. The broadband noise 
levels produced by the two sets of airfoils differ by less than 3dB and generally show similar 
trends with relative Mach number. (The lack of variation with Mach number is discussed but 
not resolved in Reference 3). Figure 37 shows a comparison of the fundamental blade pass- 
ing frequency noise levels of the two configurations at both the wide open and part throttle 
discharge valve setting. The curves represent sound pressure levels averaged from all micro- 
phones plotted as a function of relative tip Mach number. The curves show very similar 
trends and no significant difference in levels were noted. 

Measured supersonic fan inlet noise levels are presented in Figure 38 for both the slotted and 
unslotted blade. The average broadband sound pressure levels have been included for blade 
tip relative Mach numbers below 1.1 for reference only. The supersonic fan noise trends for 
both blades are similar and levels agree within 4 dB, which is considered reasonable agree- 
ment for low frequency discrete tone measurements in a reverberant chamber. 

D. Rotor-TiD Treatments 

1. Overall Performance and Stall Investigation 

Fan rotor tip treatments consisting of vortex generators, honeycomb (open back), combined 
vortex generators and honeycomb, and banded-back honeycombs were tested to determine 
their effects on the performance and stall characteristics of the fan. (No efficiency data were 
obtained with the full chord banded honeycomb). Most of the tests were performed with 
radially distorted inlet flow because tip treatments are effective primarily when the rotor tip 
controls the stage stall characteristics. 

The performance data obtained with each of the tip treatments are shown in Figure 39 
through 46 together with baseline data obtained without tip treatment but with rotor blade 
and stator vane slots and with stator-hub-slit suction. Composite plots for all treatments 
are shown in Figures 47 and 48. Figure 39 and 40 show that the vortex generators alone 
provided no improvement in stall characteristics and caused a loss in the peak stage efficiency 
of 1.5 percentage points. The honeycomb treatments, Figures 4 1 through 46, all provided 
some improvement in stall margin while also reducing the peak stage efficiency by about 7 
percentage points. The largest improvement in stall margin was obtained with the combined 
honeycomb structure and vortex generators (Figures 41 and 42) which reduced the weight 
flow at stall for 95 percent of design speed from 164.6 lb/sec to 149.7 lb/sec. This represents 
about a 10 percentage point increase in stall margin (defined in Appendix 1). A stall flow 
reduction of about 19 lb/sec was also obtained at 80 percent of design speed. The effects of 
the various tip treatments showing the improvement in stall margin and the decrement peak 
stage efficiency at 95 percent of design speed are summarized in Table 7. 
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TABLE 7 

EFFECTS OF ROTOR TIP TREATMENTS ON STALL MARGIN 
AND PEAK STAGE EFFICIENCY AT 95 PERCENT OF 

DESIGN SPEED WITH RADIAL INLET FLOW DISTORTION 

Improvement in Decrement in Peak 
Stall Margin Stage Efficiency 
(Percentage Points) (Percentage Points) 

Vortex Generators 0 1.5 

Vortex Generators with Honeycomb 10 7 

Honeycomb Alone (Open Back) 7 7 

20-Percent of Forward Chord 
Banded Honeycomb 

6 7 

Full Chord Banded Honeycomb 2 (no data) 

In reviewing the performance maps obtained with the honeycomb tip treatments, it is signi- 
ficant to note that nearly equal stall margin improvements were obtained at all speeds. This 
result had not been expected because it has been believed that best results would be obtained 
at the rotor speed which produced a blade-passing frequency equal to the resonant frequency 
of the honeycomb cells. The cells had been tuned to the blade-passing frequency produced 
at 95 percent of design speed. In view of the test data, it appears that the resonant frequency 
of the honeycomb cells is not a significant design parameter. A similar conclusion was reached 
in Reference 11 for several other treatment configurations. 

The honeycomb treatment (without vortex generators) was tested with uniform inlet flow at 
80- and 100-percent of design speed to determine its effect on performance in case the treat- 
ment were used to recover some flow range with tip radial inlet distortion. Performance im- 
provements from rotor tip treatments and uniform inlet flow were not expected because the 
rotor tip is not critical at the speeds tested. Stage performance with honeycomb and uniform 
inlet flow is shown on Figure 47. The honeycomb treatment reduces the peak efficiency by 
about 7 percentage points and also reduces the stall margin by about 4 percentage points. 
Because of the large loss in efficiency, none of the tip treatments tested in this program would 
be acceptable for most compressor fan applications. Other configurations (Reference 12) 
have shown efficiency decrements of less than two points. 

In analyzing the data obtained with the various tip treatments, two different techniques were 
used to calculate efficiencies. The quoted efficiencies were calculated using the measured 
temperature as an indication of the energy rise. The second technique used Euler’s work equa- 
tion and the measured rotor exit angles. Both methods used a flow-field-analysis program, so 
they differed only in the method of calculating the energy addition. Comparisons of measured 
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and calculated temperature rise, efficiency, and velocity are shown in Figures 49 and 50 
without tip treatment and for uniform and radially distorted inlet flow. Similar data with 
honeycomb tip treatment and radially distorted inlet flow is shown in Figure 5 1. 

As shown, good agreement was obtained without tip treatment, with uniform inlet flow, 
and fair agreement was obtained without tip treatment, with radial inlet flow distortion, but 
the agreement is poor for the data obtained with open-backed honeycomb tip treatment and 
radial inlet distortion. For the latter condition, the measured air angles show less turning 
across the entire span than indicated by the temperature data. As a result, the efficiencies 
calculated on the basis of the measured air angles are about 7 percentage points higher than 
those calculated on the basis of temperature data and are equal to the efficiencies obtained 
without honeycomb. The additional temperature rise measured when open-backed honey- 
comb is used must be caused by recirculation through the honeycomb structure from which 
no useful work is derived. Confirming this assumption is the fact that the temperature in 
the rotor-tip plenum outboard of the honeycomb is approximately 10°F higher than that at 
the rotor-tip trailing edge. Consequently, the efficiencies based on measured temperatures 
are believed to be more indicative of the overall performance of the fan than those based on 
measured air angles. 

Transient data obtained during stalls with various tip treatments show several interesting 
characteristics. Although the performance data showed that vortex generators produced no 
improvement in stall margin, the transient data presented in Figures 52 and 53 show that they 
did reduce the period of the rotating stall from about 0.014 seconds to about 0.007 seconds. 
The addition of honeycomb with or without vortex generators (Figures 54 and 55) resulted 
in a longer rotating stall period, about 0.023 seconds compared with 0.014 seconds without 
any tip treatment. Transient traces for stalls with honeycomb at lower speeds are presented 
in Figures 56 and 57. 

A study of the rotor and stator strain gage data during stall indicates that, without tip treat- 
ments and with radial inlet flow distortion, the rotor caused the stall. The addition of vor- 
tex generators did not alter this situation. With honeycomb, however, the stability of the 
rotor tip was improved sufficiently that all stalls were induced by the stator. These results 
are summarized in Figure 58 together with the results obtained with uniform inlet flow. 
Stall weight flows for all configurations tested are presented in Table 8. 
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TABLE 8 

SUMMARY OF STALL WEIGHT FLOWS 
SLOTTED BLADES AND VANES 

Percent Design Speed 

Uniform Inlet Flow 
no slit suction 
with slit suction 
honeycomb 

Distorted Inlet Flow 
no tip treatment 
honeycomb 
vortex generators 
honeycomb and vortex 

honeycomb 20 per- 
generators 

cent banded 

65 - 

101.0 

100 - 95 - 90 - 70 80 - -  

133.5 155.0 166.0 177.0 
123.5 171.5 
128.5 150.0 161.0 171.5 

1-41.0 156.0 164.6 
123.3 143.0 152.6 
141.5 157.4 164.0 
122.0 140.0 149.7 

123.3 153.5 

2. Blade Element Aerodynamic Data 

The blade-element data obtained during the tip treatment tests are presented in Appendices 
4 through 8. These data were calculated using the measured temperature rise, however, and 
should be used with reservation. 

To assess the effect of the calculation procedure on the results, the rotor deviations and 
losses with and without honeycomb were calculated by both techniques described above for 
similar operating points. The results, shown in Figure 59, show that the losses and deviations 
are similar with and without honeycomb when calculated using rotor exit angles and Euler's 
equation. This suggests that blade element performance parameters like deviation angles and 
loss coefficients should be based on the measured air angles when an extraneous-to the blade 
element-temperature effect is involved. Therefore measured air angles at the stator inlet in- 
strument plane have been included at the ends of Appendices 4 through 8. Except at stator 
exit, all other tabulated air angles are calculated from measured temperatures. Blade element 
values of 5, D, and 6" with honeycomb tip treatments are not plotted because they were not 
generally recalculated using the measured air angles as just recommended. 

3. Stress Survey 

Vibratory stresses of the rotor and stator were generally unaffected by the application of the 
honeycomb and vortex generator tip treatments tested. However, the honeycomb structure 
did eliminate blade flutter above 95 percent of design speed with tip radial distortion. 
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4. Noise Measurements 

Detailed noise data were obtained for the fan configuration with the honeycomb tip treat- 
ment and uniform inlet flow. The results were analyzed to provide overall spectra near stall 
and at wide-open throttle position for speeds ranging from 80 to 1 10 percent of design speed. 
The analysis also provided the relations between sound pressure or power level and relative 
Mach number, the variations in blade-passing-frequency noise with relative Mach number, 
and the levels of supersonic fan noise. In addition, the broadband sound pressure levels in 
three typical one-third octave bands produced with the honeycomb tip treatment were com- 
pared with the levels produced in the same one-third octave bands without tip treatment. 

Sound pressure level spectrum characteristics were obtained along the operating line of con- 
stant wide open throttle from 80 percent to 110 percent of design speed and along the near- 
stall operating line from 80 percent to 100 percent of design speed. The results obtained 
with microphone number 5 are shown in Figures 60 and 6 1. These traces are similar to those 
obtained with other microphones installed in the inlet plenum, as can be seen by comparing 
the traces from each microphone for design speed near stall presented in Figure 62. All of 
the traces show similar shapes but differing levels for the broadband noise and for the funda- 
mental and first harmonic of the blade-passing frequency noise. In evaluating these results, 
it should be noted that the high indicated noise levels below 500 Hertz are caused by the 
electronic characteristics of the filtering system and are not representative of the compressor- 
generated noise. For this reason calculations of fan broadband noise levels did not include 
data below 500 Hertz. 

The broadband noise data obtained from each microphone were reduced to sound pressure 
levels in one-third-octave bandwidths. These data were then averaged and the results are 
presented in Appendix 9. The averaged sound pressure levels were then used to calculate the 
one-third-octave band power levels tabulated in Appendix 10. The average power levels for 
three one-third-octave bands along three constant throttle operating lines are plotted in 
Figure 63 as a function of the blade-tip relative Mach number. The frequency bands shown 
are the same as those presented in Reference 3, representing typical low, middle, and high 
frequency bands. 

The total broadband sound power level was calculated as the logarithmic sum of all of the 
one-third-octave-band power levels for each operating line. The results are plotted in Figure 
64 and indicate that the broadband noise remained essentially constant with increasing blade- 
tip relative Mach number and throttle setting. The broadband sound power level produced 
by the unslotted fan stage was also found to be essentially independent of these parameters 
(Reference 3). 

In contrast to the broadband noise levels, time-averaged blade-passing frequency noise at 
wide open and part throttle was found to increase with blade-tip relative Mach number and 
with throttle closure, as shown in Figures 65 and 66. These results can be seen for the data 
from each individual microphone and from the logarithmic average of all of the data. The 
relatively large difference in the sound pressure levels measured by the different microphones 
results from the standing-wave patterns produced by discrete tones within the inlet plenum 
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chamber. Comparing the blade passing frequency noise level of the honeycomb tip treat- 
ment tests (Figures 65 and 66) with those without tip treatment (Figure 37) shows the ad- 
dition of honeycomb increased the noise level 5 to 10 dB. No explanation is made for this 
effect except to note that the same trend occurs at both wide open and part throttle condi- 
tions. 

The noise level of the first blade passing frequency harmonic is equal to the fundamental at 
low speeds, but becomes insignificant as speed is increased (Figure 67). As shown, the rela- 
tive level of the first harmonic decreases as speed is increased along any constant throttle 
operating line to a level 10 dB below the level of the blade passing frequency noise. Simi- 
lar results were obtained without tip treatment and with unslotted blades (Reference 3). 

The fundamental blade-passing-frequency signals were also measured by a onequarter inch 
diameter dynamic pressure transducer located one inch downstream of the fan stator. An 
attempt was made early in the program to determine the highest ratio of blade passing fre- 
quency noise to background noise along the span. A probe was traversed radially at 80, 90, 
and 100 percent of design speed at part throttle; the results are shown on Figure 68.  The 
radial position at 53 percent span represents an average level at the three speeds. This probe 
location was used for subsequent tests. 

Typical spectra obtained with this probe are shown in Figure 69 for the part-throttle operat- 
ing line. As shown, the blade-passing frequency noise is clearly identifiable. The large dis- 
crete tone appearing below that of the blade-passing frequency in all spectra (Figure 69) ap- 
pears to be caused by flow over the cylindrical probe shank to which the % inch diameter 
crystal microphone is mounted. This discrete tone is typical of vortex shedding noise. The 
frequency of such tones are calculated by f = 0.2 v/d where v is the flow velocity downstream 
of the stator and d is the outer diameter of the probe, in this case % inch. 

These discharge noise data were reduced to time-averaged discrete-frequency noise levels, 
and the results are plotted in Figure 70 as a function of blade-tip relative Mach number for 
each operating line. The curves show an increase in the blade-passing frequency noise level 
with increasing Mach number. Trends and levels are similar to the data from the unslotted 
blade tests,(Reference 3). Broadband noise levels obtained by the downstream microphone 
are not evaluated herein because there was no attempt to account for wind noise effects of 
the high velocity stream. 

The supersonic-fan noise (combination4one noise) at the fan inlet was calculated by summing 
the sound-pressure levels of the discrete-frequency tones that were below the blade passing 
frequency but that were at integral multiples of the shaft rotor speed. This type of noise was 
noted at the wide open throttle operating point at 105 and 1 10 percent of design speed. The 
sound pressure levels produced as supersonic-fan noise are shown in Figure 7 1 together with 
the integrated broadband noise. The supersonic-fan noise obtained with the unslotted fan is 
also shown. The trends shown in the figure are typical of all fans and full-scale engines operat- 
ing in this transonic Mach number range and indicate the large contribution of supersonic fan 
noise to the total radiated noise levels. Observed trends of supersonic fan noise data from 
other rigs indicate no change in noise level as throttle position is vaned. 
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The broadband sound pressure levels obtained with this fan with honeycomb tip treatment 
were compared for three typical one-third-octave bands with similar data obtained without 
honeycomb tip treatment. The results, presented in Figure 72, show that the noise charac- 
teristics of the two fan configurations exhibit similar trends with blade-tip relative Mach num- 
ber variations, and that the absolute noise levels are within 2 dB of each other at each operat- 
ing condition. 
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V. SUMMARY OF RESULTS 

A. Slit Suction 

At design speed and uniform inlet flow the stator hub induced stage stall with or without 
stator-hub-slit suction. With suction (about 0.2 percent of the total inlet flow) the stall 
flow range was extended about 8 and 4 percent at 80 and 100 percent of design speed, re- 
spectively. The stator stall range was sufficiently improved at 80 percent of design speed to 
permit the rotor to induce stall. 

B. Airfoil Slots 

Without slots the stall flow at design speed was not repeatable. With stator hub (and tip) 
slots, the stall flow was repeatable and agreed with the minimum value obtained without 
slots. At lower speeds there was little effect of slots on stall flows. Slots improved the over- 
all stage efficiency by as much as 2.5 percentage points at 80 percent of design speed with 
no change at design speed. 

Deterioration in stall margin caused by inlet radial tip distortion was not attenuated by air- 
foil slots. 

C. Tir, Treatments 

Rotor tip treatments were applied mainly during tip radially distorted inlet flow tests where 
the rotor tip rather than the stator hub caused stage stall. Best results were obtained with a 
honeycomb structure in the case over the rotor blade tips combined with vortex generators 
upstream of the rotor. They lowered the stall weight flow at 95 percent of design speed 
from 164.6 lb/sec to 149.7 lb/sec, or about a 10 percentage point increase in stall margin. 
However, all configurations using honeycomb (open back) resulted in an overall stage effi- 
ciency penalty of about 7 percentage points. This severe penalty was traced to air recircula- 
tion through the honeycomb, resulting in an increase in rotor exit temperatures from which 
no useful work was derived. Blade element losses and deviation angles were about the same 
with or without honeycomb tip treatment if calculated from measured air angles rather than 
from measured temperatures. Vortex generators alone had no effect on the stall flow and 
penalized the overall stage efficiency about 1.5 percentage points. 

For tests with uniform inlet flow where stall was caused by the stator, the honeycomb struc- 
ture decreased the stall margin about 4 percentage points and decreased the overall stage ef- 
ficiency about 7 percentage points. 

D. Noise Measurements 

No significant changes in broadband or supersonic fan noise (combination tones) resulted 
from the addition of slots nor from the addition of honeycomb tip treatment to the slotted 
fan stage. 
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An unexplained increase of 5 to 10 dB in blade passing frequency resulted when honeycomb 
treatment was added over the rotor tips. Blade passing frequency was not effected by the 
airfoil slots. 
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Figure 1 Schematic Drawing of Fan Stage Mounted in Test Rig for Testing With Radial 
Inlet Distortion 
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Figure 6 Photograph of Vortex Generator Installed in Outer Case Wall 
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Figure 8 Test Compressor Inlet With Distortion Support Screen Installed X-30574 
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Figure 9 Test Compressor Inlet Configuration for Performance Testing With Uniform 
Inlet Flow 
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Figwe 10 Test Compressor Inlet Configuration for Noise Measurements X-30726 
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Figure 32f Slotted Stator Blade Element Performance With Radial Inlet Distortion at 
70 Percent Span From Hub 

96 



PERCENT 
DESIGN NUMBER 
SPEED RANGE 

0.53-0.54 

0.59-0.60 

0.61-0.63 

0.8 

0.6 

0.4 

0.2 

0 

0.3 

0.2 

0.1 

0 I I I 
-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 

INCIDENCE ANGLE, SUCTION SURFACE, is, DEGREES 
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Figure 36 Effect of Slots on Broadband Sound Pressure Levels at Fan Inlet Along Part- 
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Figure 37 Effect of Slots on Fundamental Blade Passing Frequency Inlet Noise 
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Figure 38 Effect of Slots on Supersonic Fan Inlet Noise (Combination Tones) 
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With Radial Inlet Distortion 
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Stage Performance With Radial Inlet Distortion 
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Figure 49 Effect of Data Calculation Technique on Performance Parameters at Stator 
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Figure 50 Effect of Data Calculation Technique on Performance Parameters at Stator 
Inlet Instrument Plane Without Honeycomb and With Radial Inlet Distortion 
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125 



BASED ON MEASURED TEMPERATURE WITH 
0.3 

l3 0.2 
8- s 
e x 

0.1 

ANGLES 
0 

FLOW RATE = 155 LBISEC 

-0.1 

PERCENT SPAN 

Figure 59 Effect of Honeycomb on Rotor Losses and Deviations Near Stall at 95 Percent 
of Design Speed With Radial Inlet Distortion 

126 



110% CORRECTED DESIGN SPEED WITH WIDE-OPEN DISCHARGE (CORRECTED FLOW 190.51 LB/SEC) 

105% CORRECTED DESIGN SPEED WITH WIDE-OPEN DISCHARGE (CORRECTED FLOW5186.46 LB/SEC) 

CORRECTED DESIGN SPEED WITH WIDE-OPEN DISCHARGE (CORRECTED FLOW = 182.81 LB/SECI 

95% CORRECTED DESIGN SPEED WITH WIDE-OPEN DISCHARGE (CORRECTED FLOW = 178.33 LB/SEC) 

90% CORRECTED DESIGN SPEED WITH WIDE-OPEN DISCHARGE (CORRECTED FLOW = 172.67 LB/SECI 

80% CORRECTED DESIGN SPEED WITH WIOE-OPEN DISCHARGE (CORRECTED FLOW 158.45 LB/SECI' 

0 1 2 3 4 5 6 7 8 9 10 

FREQUENCY -KILOHERTZ 

Figure 60 Sound-Pressure-Level Spectra From Plenum Microphone Number 5 for Fan 
Stage With Honeycomb Tip Treatment Operating With Wide-Open Discharge 
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Figure 61 Sound-Pressure-Level Spectra From Plenum Microphone Number 5 for Fan 
Stage With Honeycomb Tip Treatment Operating Near Stall 
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Figure 62 SoundPresswe-Level Spectra Obtained With Each Inlet Plenum Microphone 
During Operation of Fan Stage With Honeycomb Tip Treatment at Design 
Speed Near Stall 
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Figure 66 Time-Averaged Blade-Passing-Frequency Noise Produced by Fan Stage With 
Honeycomb Tip Treatment at Part Throttle 
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Figure 68 Radial Profiles of Blade-Passing-Frequency Noise Levels Downstream of Stator 
in Fan With Honeycomb Tip Treatment, Part Throttle 
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Figure 69 Sound-Pressure-Level Spectra Downstream of Stator In Fan With Honeycomb 
Tip Treatment, Part Throttle 
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Figure 70 Time-Averaged Blade-Passing-Frequency Sound Pressure Level Downstream of 
Stator in Fan With Honeycomb Tip Treatment 
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Figure 7 1 Supersonic Fan Inlet Noise and Integrated Broadband Sound Pressure Levels 
in Fan With Honeycomb Tip Treatment 
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APPENDIX 1 

Symbol and Performance Parameter Definitions 
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APPENDIX 1 

A. Symbols 

Aan 

D 

dB 

f 

fz 

gC 
H 

In 

is 

M 

MR 

N 

P 

PWL 

P 

R 

r 

SPL 

T 

t 

U 

V 

v z  
Vm 

V8 
V 

w 

2 annulus area, f t  (station 5 ,  

diffusion factor 

decibel 

frequency 

fig 12)  

bandwidth of each 1/3 octave, H z  
2 conversion factor, 32.17 ib, ft/lb sec 

reverberation time, sec 

incidence angle, angle between inlet air direction and line 
tangent to  blade mean camber line at leading edge, degrees 

incidence angle, angle between inlet air direction and line 
tangent to blade suction surface at leading edge, degrees 

Mach number 

m a s s  average in radial  direction (tables 25-33) 

rotor speed, rpm 

total pressure,  psfa 

sound power level based on a reference power of 

static pressure,  psfa 

gas constant for air, ft  l b / l b  OR 

radius, f t  

watt 

sound pressure level (dB, 0.0002 dyne/cm2) 

total temperature , OR 
static temperature, OR 

rotor speed, ft/sec 

air velocity, ft/sec 

axial air velocity, ft/sec 

meridional air velocity, !VF -t v,2fh, ft/sec 

tangential component of air velocity ( ~ 2  - Vm2)1/2, ft/sec 

volume of a chamber, ft3 

weight flow, lbs/sec 
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APPENDIX 1 (CONT'D) 

P 

P'" 

AP 

6" 

E 

?1 

e 

w 

absolute a i r  angle cot -1 (Vm/Vo)l degrees 

metal  angle on conical surface between tangent to mean camber 
line and axial direction at  leading and trailing edge, degrees 

a i r  turning angle 0'5 '0'6 for rotors  and P 1 l - p l 2  for s ta tors ,  
degrees 

camber angle, degrees 

ratio of specific heats for a i r ,  1.4 

ratio of inlet total pressure to standard pressure of 2116.22 
lbs/ft2 

deviation angle, angle between exit a i r  direction and tangent 
to blade mean camber line a t  trailing edge, degrees 
angle between tangent to streamline projected on 
meridional plane and axial direction, degrees 

efficiency , % 

ratio of inlet total temperature to standard temperature of 
518.6"R 

mass  density, lbs-sec2/ft4 

solidity, ratio of chord to spacing 

total pressure loss coefficient 

angular velocity of rotor ,  radians/sec 

c 
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APPENDIX 1 (CONT'D) 

Superscripts : 

1 - relative to moving blades 

* - designates blade metal  angle 

Subscripts : 

ad 

P 

r 

s h  

S 

Z 

0 

4 

5 

6 

10 

11 

12 

13 

COR 

adiabatic 

polytropic or profile 

radial  direction 

shock 

suction surface 

axial direction 

plenum chamber 

instrument plane upsteam of rotor 

station at rotor inlet 

station at rotor exit 

instrument plane upstream of stator 

station at stator leading edge 

station at stator trailing edge 

instrument plane downstream of stator 

corrected to standard day conditions 
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B. Performance Parameter  Definitions 

a) Relative total temperature 

T'5 = t5 1 7 -  1 
2 

+ 

b) Incidence angle based on mean camber line 

c) Deviation (DEV, 6") 

d) Diffusion factor (D-FAC) 

r V  - r V  
6 86 5 e 5  

vt5 (r5 + r6)g VI5 
D = I - -  "6 4- 

- r  V '1lV6 11 12 812 

('11 + r12)QV11 
D = I - -  v12 + 

e) Loss coefficient (OMEGA-B) 
Y 

P15 [?I -l - P I 6  

J =  
PI5 - P5 

pll - p12 

pll - p11 

(rotor in) 

(rotor out) 

(rotor) 

(stator) 

(rotor) 

(stator) 

(rotor) 

(stator) 

(rotor) 

(stator) 
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f)  Loss parameter (LOSS-P ) 

w cos P ’ ,  - 
2u 

- 
w cos PI2 

2 u  

g) Polytropic efficiency (EFF-P, TOTAL) 

Y 

h) Adiabatic efficiency (EFF-AD, TOTAL) 

[;I -? -1 

(rotor) 

(stator) 

(rotor) 

(stator) 

(rotor) 
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[F] -1 
i) Wake blockage factor 

where n is number of tangential traverse points 
equally spaced across a stator gap and pAVavg 
is calculated from mass flow averaged values of 
P, p, and T at that radius. 

j) Stall margin 

p12 w f l  
x 100% 

S M =  [( at x (, ) point at reference -1 1 
stall 

Where the reference herein is the corresponding stall point without tip treatment. (Note: 
For absolute values of stall margin, the reference is generally an operating point near peak 
efficiency. ) 

."- 
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APPENDIX 2 

Blade Element and Overall Performance 
with 

Uniform Inlet Flow 
and 

No Tip Treatment 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

(probe 1 at 30 degrees, probe 2 a t  210 degrees, Figure 13) 
(90 - Plo) UNIFORM INLET FLOW, NO TIP TREATMENT 

80% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
8.5 
90 
95 

% SPAN 

5 
10 
15 
30 
50 
70 
$5 
90 
95 

WcoR=161.22 

PROBEl PROBE2 AVG. 

35.8 32.4 34.1 
41.4 39.4 40.4 
44.9 43.0 43.95 
50.8 49.2 50.0 
57.0 55.1 56.05 
61.1 59.5 60.3 
62.9 62.2 62.55 
61.8 61.5 61.65 
b0.6 59.1 60.15 

WCoR= 131.59 

PROBEl PROBE2 AVG. 

31.7 27.8 29.15 
36.7 34.1 35.4 
39.9 31.8 33.85 
44.5 42.8 43.65 
48.3 47.5 47.9 
51.4 51.5 51.45 
51.8 50.9 51.35 
50.2 49.6 49.9 
41.1 46.9 47.0 

100% SPEED 

WCoR = 184.37 

%SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

I SP.L? 

5 
10 
15 
.? 0 
50 
I O  
85 
90 
95 

PROBEl PROBE2 AVG 

31.3 26.9 29.1 
39.0 35.8 37.4 
43.0 40.8 41.9 
48.8 48.0 48.4 
55.1 54.3 54.7 
59.4 58.1 59.0: 
61.5 61.5 61.5 
59.9 60.8 60.3: 
51.7 57.5 51.6 

PROBEl PROBE2 AVG. 

31.8 26.7 29.25 
38.5 34.1 36.6 
41.4 39.1 40.25 
46.4 45.1 45.15 
51.4 49.0 50.6 
54.3 53.2 53.75 
55.1 54.5 54.8 
53.4 53.5 53.45 
51.2 50.5 50.85 

WCoR = 153.72 

PROBEl PROBE2 AVG. 

34.3 30.6 32.45 
39.9 37.8 33.85 
43.0 41.2 42.1 
48.7 47.0 47.85 
54.0 52.4 53.2 
57.3 56.1 56.1 
59.1 58.3 58.7 
57.9 57.8 51.85 
55.6 55.6 55.6 

WcoR= 128.38 

PROBEl PROBE2 AVG. 

30.9 27.6 29.25 
36.3 33.5 34.9 
38.2 36.7 31.45 
41.8 41.1 41.45 
46.0 45.0 45.5 
49.0 49.2 49.1 
46.1 41.8 41.25 
43.3 45.6 44.45 
39.6 41.3 40.45 

WCoR = 183.13 

PROBE1 PROBE2 AVG 

31.1 27.3 29.5 
38.5 35.7 37.1 
41.7 40.4 41.0: 
48.3 46.8 41.5: 
54.0 52.0 53.0 
57.5 56.1 56.8 
59.1 58.0 58.5: 
57.6 57.1 57.3 
55.4 54.0 54.7 

WCOR= 119.66 

PROBE1 PROBE2 AVG. 

31.7 27.0 29.35 
31.3 34.6 35.95 
40.0 38.1 39.35 
46.0 44.5 45.25 
49.9 49.0 49.45 
52.9 52.5 52.7 
53.1 53.2 53.45 
52.4 51.9 52.15 
50.2 49.4 49.8 

WCoR= 145.65 

PROBE1 PROBE2 AVG. 

33.2 29.0 31.1 
38.2 35.9 37.05 
40.7 39.3 40.0 
46.4 44.9 45.65 
51.4 49.9 50.65 
54.1 53.7 53.9 
55.5 54.9 55.2 
54.1 54.0 54.05 
51.5 51.3 51.4 

WCOR = 183.19 

PROBE1 PROBE2 AVG. 

32.8 21.2 30.0 
39.1 35.3 37.2 
41.3 39.9 40.6 
47.8 46.2 47.0 
52.8 51.0 51.9 
55.6 54.6 55.1 
57.5 56.1 56.8 
56.1 55.3 55.7 
53.0 52.5 52.75 

WCoR= 116.45 

PROBEl PROBE2 AVG. 

31.1 21.4 29.25 
36.1 34.5 35.6 
39.4 38.2 35.8 
45.4 44.1 44.75 
48.9 48.1 48.5 
51.5 51.7 51.6 
52.5 52.2 52.35 
51.3 50.8 51.05 
49.1 48.3 48.1 
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APPENDIX 3 

Blade Element and Overall Performance 
with 

Radial Inlet Distortion 
and 

No Tip Treatment 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

(probe 1 at  30 degrees, probe 2 at  210 degrees, Figure 13) 
(90- p l o )  RADIAL INLET DISTORTION, NO TIP TREATMENT 

WCOR = 160.55 

PROBE1 PROBE2 AVG. 

80% SPEED 

WCoR = 159.3 1 

PROBEl PROBE2 AVG. 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

33.9 
39.6 
43.9 
49.5 
53.45 
50.75 
46.2 
43.3 
39.45 

WCOR = 147.07 

PROBEl PROBE2 AVG. 

32.6 
38.2 
42.9 
48.5 
52.4 
49.6 
44.9 
42.2 
38.4 

33.8 
39.2 
43.7 
49.5 
54.4 
52.8 
49.5 
46.7 
41.2 

90% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

36.0 
41.2 
45.9 
50.7 
55.3 
52.9 
49.6 
46.2 
40.5 

34.9 
40.2 
44.8 
50.1 
54.85 
52.85 
49.55 
46.45 
40.85 

WCOR = 162.86 

PROBE1 PROBE2 AVG. 

33.1 
38.5 
43.5 
49.0 
53.5 
51.1 
47.1 
44.9 
40.9 

34.6 
40.5 
45 .O 
50.6 
54.0 
52.2 
48.1 
46.1 
40.7 

95% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

33.85 
39.5 
44.25 
49.8 
53.75 
51.65 
47.6 
45.5 
40.8 

PROBE1 PROBE2 AVG. 

32.7 34.2 
38.1 40.3 
43.5 45.1 
49.5 50.5 
53.8 54.5 
52.1 52.5 
48.2 48.7 
46.5 46.3 
42.1 41.9 

33.45 
39.2 
44.3 
50.0 
54.15 
52.3 
48.45 
46.4 
42.0 

PROBEl PROBE2 AVG. 

33.7 
38.6 
43.4 
49.5 
53.7 
51.9 
48.5 
44.7 
39.1 

35.4 
41.3 
45.5 
50.3 
54.4 
52.3 
48.7 
44.8 
39.4 

34.55 
39.95 
44.45 
49.9 
54.05 
52.1 
48.6 
44.75 
39.25 

WCoR 142.92 

PROBE1 PROBE2 AVG. 

33.8 
38.9 
43.4 
49.3 
53.5 
51.1 
46.9 
43.1 
37.6 

35.6 
41.4 
45.4 
50.0 
54.1 
51.7 
47.4 
43.3 
38.2 

34.7 
40.15 
45.4 
49.65 
53.8 
51.4 
47.15 
43.2 
37.9 

33.1 34.7 
38.5 40.1 
42.7 45.1 
48;7 50.3 
52.8 54.1 
50.3 51.2 
45.7 46.7 
43.1 43.5 
39.1 39.8 

34.4 
40.3 
44.9 
49.8 
53.4 
50.8 
45.8 
43.2 
38.5 

33.5 
39.25 
43.9 
49.15 
52.9 
50.2 
45.35 
42.7 
38.45 

WCoR 170.42 

PROBE1 PROBE2 AVG. 

32.9 
38.5 
43.0 
49.1 
52.8 
50.7 
46.0 
44.2 
39.6 

34.1 
40.6 
44.8 
50.4 
53.8 
51.2 
47.1 
44.3 
39.9 

33.5 
39.55 
43.9 
49.75 
53.3 
50.95 
46.55 
44.25 
39.75 

PROBE1 PROBE2 AVG. 

32.3 
38.3 
42.7 
48.4 
52.2 
49.5 
44.8 
42.3 
37.4 

34.4 
40.5 
44.9 
50.1 
53.5 
50.6 
45.9 
42.9 
38.2 

33.35 
39.4 
43.8 
49..25 
52.85 
50.05 
45.35 
.42.6 
37.8 
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APPENDIX 4 

Blade Element and Overall Performance 
with 

Radial Inlet Distortion 
and 

Vortex Generator Tip Treatment 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

(probe 1 a t  30 degrees, p robe  2 a t  210 degrees, Figure 13)  
(90 - p10) RADIAL INLET DISTORTION, VORTEX GENERATOR TIP TREATMENT 

80% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

PROBEl PROBE2 AVG. 

34.1 
39.4 
43.9 
50.0 
54.3 
52.8 
48.3 
45.1 
40.8 

36.1 
41.3 
45.9 
51.1 
55.4 
52.5 
48.3 
45.5 
41.1 

90% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

35.1 
40.35 
44.9 
50.55 
54.85 
52.65 
48.3 
45.3 
40.95 

PROBE1 PROBE2 AVG. 

33.3 
39.0 
43.7 
49.8 
54.3 
52.5 
48.0 
46.3 
42.2 

34.8 
40.8 
45.4 
50.8 
55.4 
52.1 
48.0 
46.0 
43.1 

95% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

34.05 
39.9 
44.55 
50.3 
54.85 
52.3 
48.0 
46.15 
42.65 

PROBE1 PROBE2 AVG. 

32.7 
38.9 
43.8 
49.4 
54.2 
52.3 
48.6 
46 
43.1 

34.7 
40.6 
45.4 
51 
55 
51.8 
48.2 
46.1 
44.1 

33.7 
39.75 
44.6 
50.2 
54.6 
52.05 
48.4 
46.05 
43.6 

PROBE 1 PROBE 2 

34.3 36.1 
39.0 41.2 
43.9 45.7 
49.5 50.9 
54.1 55.1 
52.0 51.8 
47.7 47.8 
44.2 44.8 
39.4 40.6 

PROBE 1 PROBE 2 

33.2 34.9 
37.5 40.9 
43.6 45.1 
49.5 50.6 
53.8 54.8 
51.3 51.5 
46.6 47.1 
44.6 44.9 
39.9 41.4 

AVG. 

35.2 
40.1 
44.8 
50.2 
54.6 
51.9 
47.75 
44.5 
40.0 

AVG. 

34.05 
39.7 
44.3 5 
50.05 
54.3 
51.4 
46.85 
41.75 
40.65 

PROBEl PROBE2 AVG. 

33.1 
38.5 
43.0 
49.1 
53.3 
51.6 
46.4 
44.5 
40.3 

34.3 
40.6 
45 .O 
50.4 
54.5 
51.2 
47.0 
44.8 
41.5 

33.7 
39.55 
44.0 
49.75 
53.9 
51.4 
46.7 
44.65 
40.9 

PROBE1 PROBE2 AVG. 

34 
38.8 
43.5 
49.2 
53.6 
51.2 
46 
42.4 
37.3 

35.5 
41.8 
45.4 
50.6 
54.6 
51.6 
46.9 
43.5 
38.7 

34.75 
40.05 
44.45 
49.9 
54.1 
51.4 
46.45 
42.95 
38.0 

PROBEl PROBE2 AVG. 

33.3 
38.4 
43.3 
49.1 
53.0 
50.4 
44.9 
42.7 
38.6 

34.7 
40.8 
45.1 
50.4 
54.5 
50.8 
45.9 
43.8 
39.9 

34.0 
39.6 
44.2 
49.75 
53.75 
50.6 
45.4 
43.25 
39.25 

PROBEl PROBE2 AVG. 

33.3 
38.3 
43.3 
48.9 
52.4 
49.6 
43.3 
40.4 
35.8 

34.5 
40.6 
45.0 
50.2 
53.9 
50.1 
44.3 
41.8 
38.4 

33.9 
39.45 
44.15 
49.55 
53.15 
49.85 
43.8 
41.1 
37.1 
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APPENDIX 5 

Blade Element and Overall Performance 
with 

Radial Inlet Distortion 
and 

Combined Vortex Generators and Honeycomb Tip Treatment 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

HONEYCOMB TIP TREATMENT 
(probe 1 a t  30 degrees, probe 2 a t  210  degrees, Figure 13) 

(90- 010) RADIAL INLET DISTORTION, VORTEX GENERATOR AND 
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95% SPEED 
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WCOR' 147.16 

PROBE1 PROBE2 AVG. 

32.8 35.9 34.35 
39.2 41.3 40.25 
43.5 45.7 44.6 
49.5 51.4 50.45 
54.5 56.0 55.25 
53.0 52.7 52.85 
51.1 51.4 51.25 
50.7 51.9 51.3 
51.1 52.7 51.9 

WCOR' 165.0 

PROBEl PROBE2 AVG 

31.9 34.4 33.15 
30.6 40.9 39.75 
43.3 45.7 44.5 
49.9 51.4 50.65 
54.9 55.9 55.4 
53.0 52.9 52.95 
50.7 50.9 50.8 
51.3 51.8 51.55 
51.2 52.7 51.95 

WCOR = 171.79 

PROBE1 PROBE2 AVG. 

31.5 33.8 32.65 
38.0 40.4 39.2 
43.1 46.0 44.55 
49.9 51.6 50.75 
54.5 55.9 55.2 
53.2 53 .O 53.1 
50.7 51.1 50.9 
50.9 51.5 51.2 
52.4 53.5 52.95 

WCOR' 139.19 

PROBE1 PROBE2 AVG. 

31.9 33.8 32.85 
37.1 39.8 38.45 
42.2 44.1 43.15 
48.0 49.0 48.5 
52.4 53.4 52.9 
50.4 50.4 50.4 
46.4 47.3 46.85 
45.1 46.3 45.7 
43.4 46.7 45.05 

WCOR = 157.21 

PROBE 1 PROBE 2 AVG. 

31.5 33.7 32.6 
37.6 39.5 38.55 
41.8 44.4 43.1 
48.2 49.5 48.85 
52.7 53.8 53.25 
50.2 57.0 50.6 
46.3 47.0 46.65 
44.1 46.6 45.35 
42.1 46.9 44.5 

WCOR= 162.77 

PROBE1 PROBE2 AVG. 

30.9 32.6 31.75 
36.9 38.9 37.9 
41.7 43.8 42.75 
47.5 49.3 48.4 
51.6 53.4 52.5 
48.9 50.1 49.5 
44.5 45.3 44.9 
42.6 45.5 44.05 
40.3 45.6 42.95 

WCOR = 133.75 

PROBEl PROBE2 AVG. 

31.2 32.8 32.0 
36.4 38.8 37.6 
40.8 43.0 41.9 
46.4 48.2 47.3 
50.4 51.9 51.15 
47.8 48.8 48.3 
45.1 45.7 45.4 
43.2 44.1 43.65 
40.0 41.9 40.95 

WCOR' 152.1 1 

PROBEl PROBE2 AVG. 

30.9 32.9 31.9 
36.1 39.1 37.6 
41.0 43.2 42.1 
46.9 48.8 47.85 
50.8 52.4 51.6 
48.2 49.6 48.9 
44.0 44.8 44.4 
42.0 43.5 42.75 
39.3 40.7 40.0 

WCOR = 160.0 

PROBEl PROBE2 AVG. 

30.1 32.4 31.25 
35.9 38.9 37.4 
41.3 43.7 42.5 
47.1 48.8 47.95 
50.7 52.6 5 1.65 
47.8 49.3 48.55 
43.8 44.6 44.2 
41.3 43.4 42.35 
38.7 40.7 39.7 

WCOR= 127.95 

PROBE 1 PROBE2 AVG. 

30.0 32.0 31.0 
35.3 37.8 36.55 
39.4 41.8 40.6 
45.0 46.8 45.9 
48.2 50.1 49.15 
45.0 47.2 46.1 
42.4 44.1 43.25 
40.7 41.8 41.25 
40.2 40.1 40.15 

WCOR= 148.65 

PROBEl PROBE2 AVG. 

30.3 32.5 3 1.4 
35.7 38.6 37.15 
40.6 42.7 41.65 
46.0 48.2 47.1 
49.6 51.4 50.5 
46.7 48.5 47.6 
43.6 44.5 44.05 
41.7 42.3 42.0 
39.3 40.1 39.7 

WCOR = 157.1 7 

PROBEl PROBE2 AVG. 

30.1 32.8 31.45 
35.8 38.4 37.1 
40.3 43.3 41.8 
46.3 48.4 47.35 
50.1 51.8 50.95 
46.4 48.6 47.5 
42.8 44.1 43.45 
40.4 41.9 41.15 
37.5 38.5 38.0 
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APPENDIX 6 

Blade Element and Overall Performance 
with 

Radial Inlet Distortion 
and 

Honeycomb Tip Treatment 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

(probe 1 a t  30 degrees, probe 2 a t  210 degrees, Figure 13) 
(90 - 010) RADIAL INLET DISTORTION, HONEYCOMB TIP TREATMENT 

80% SPEED 

%SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

90% SPEED 

PROBEl PROBE2 AVG. 

31.9 34.8 33.35 
38.1 40.5 39.3 
43.1 45.0 44.05 
49.3 50.4 49.85 
54.2 55.4 54.8 
52.5 52.4 52.45 
49.5 51.4 50.45 
49.4 52.4 50.9 
50.7 52.4 51.55 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

WCOR = 164.43 

PROBEl PROBE2 AVG. 

31.2 33.3 32.25 
37.3 40.2 38.75 
43.3 44.8 44 .O 5 
49.4 50.4 49.9 
53.8 55.0 54.4 
51.7 52.1 51.9 
49.6 51.3 50.45 
50.4 52.0 51.2 
50.3 52.3 51.3 

95% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

WcoR= 171.96 

PROBEl PROBE2 AVG. 

30.2 32.4 31.3 
37.0 39.3 38.15 
43.1 45.1 44.1 
49.2 50.7 49.95 
53.5 55.3 54.4 
52.0 52.3 52.15 
49.3 51.2 50.25 
49.6 52.1 50.85 
50.1 52.2 51.15 

WCoR = 137.27 

PROBE1 PROBE2 AVG. 

31.3 32.6 31.95 
36.9 38.8 37.85 
41.4 43.1 42.25 
46.9 48.3 47.60 
51.3 52.4 51.85 
48.8 49.2 49.0 
45.6 46.1 45.85 
44.0 45.1 44.55 
42.6 44.1 43.35 

II WCoR = 155.84 

PROBEl PROBE2 AVG. 

30.8 32.3 31.55 
37.0 38.5 37.15 
41.5 43.2 42.35 
47.5 48.6 48.05 
51.7 52.9 52.3 
49.0 49.7 49.35 
45.0 46.4 45.7 
42.9 46.3 44.6 
40.9 45.0 42.95 

WCOR = 160.7 1 

PROBE 1 PROBE 2 AVG. 

29.4 31.3 30.35 
35.7 37.6 36.65 
41.1 42.4 41.75 
46.4 48.1 47.25 
50.2 51.6 50.9 
46.8 48.5 41.65 
43.1 44.1 43.6 
40.9 43.7 42.3 
39.1 43.0 41.05 

WCoR= 132.36 

PROBEl PROBE2 AVG. 

30.4 31.9 31.15 
35.9 37.9 36.9 
40.2 40.2 40.2 
46.0 42.4 44.2 
49.5 51.0 50.25 
47.0 47.8 47.4 
44.5 44.7 44.6 
42.3 43.0 42.65 
41.0 41.1 41.05 

WCoR = 15 1.67 

PROBEl PROBE2 AVG. 

30.1 31.7 30.9 
36.0 37.7 36.85 
41.0 42.7 41.85 
46.5 47.6 47.05 
50.2 51.8 51.0 
41.7 48.7 48.2 
44.0 44.4 44.2 
41.7 43.0 42.35 
39.5 41.4 40.45 

/I PROBE 1 PROBE2 AVG. 

29.1 31.3 
35.7 37.8 
40.2 42.4 
46.5 47.3 
49.5 51.3 
46.3 47.7 
42.6 43.5 
40.6 42.1 
38.7 39.2 

30.2 
36.75 
41.3 
46.9 
50.4 
47.0 
43.05 
41.35 
38.95 

WCoR = 126.99 

PROBE 1 PROBE 2 AVG. 

29.1 31.2 30.15 
34.6 31.1 35.85 
39.0 40.7 39.85 
44.3 46.0 45.15 
41.6 49.6 48.6 
45.0 46.6 45.8 
42.3 43.0 42.65 
41.4 41.5 41.45 
40.9 39.9 40.4 

WCOR= 147.56 

PROBEl PROBE2 AVG. 

29.3 31.1 30.2 
35.3 37.0 36.15 
39.5 41.5 40.5 
45.7 46.7 46.2 
49.0 50.4 49.7 

42.8 43.4 43.1 
41.2 41.5 41.35 
39.6 39.3 39.45 

45.7 47.4 46.55 

WCOR = 154.99 

PROBEl PROBE2 AVG. 

28.5 31.2 29.85 
35.2 37.2 36.2 
40.0 42.0 41.0 
45.7 46.9 46.3 
48.5 50.2 49.35 
45.6 47.2 46.4 
41.8 42.9 42.35 
39.4 40.6 40.0 
37.9 38.0 31.95 
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APPENDIX 7 

Blade Element and Overall Performance 

Radial Inlet Distortion 

20 Percent Banded Honeycomb Tip Treatment 

with 

and 

23 I 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

(probe 1 a t  30 degrees, p robe  2 a t  210 degrees, Figure 13) 
(90- 010) RADIAL INLET DISTORTION, BANDED HONEYCOMB TIP TREATMENT 

80% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

WCOR = 13 1.64 

PROBEl PROBE2 AVG. 

30.2 
36.0 
40.2 
45.5 
49.4 
46.7 
42.7 
40.0 
38.7 

31.4 
36.8 
41.4 
45.9 
49.8 
46.5 
43.5 
43.2 
42.1 

30.8 
36.4 
40.8 
45.7 
49.6 
46.6 
43.1 
41.6 
40.4 

95% SPEED 

% SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

PROBEl PROBE2 AVG. 

29.5 
36.3 
41 .O 
46.7 
50.8 
46.7 
43.1 
41.8 
39.8 

35.0 
37.7 
42.3 
47.1 
51.5 
47.3 
44.3 
42.9 
40.4 

32.25 
37.0 
41.65 
46.9 
51.15 
47.0 
43.7 
42.3 5 
40.1 

WCOR = 128.73 

PROBEl PROBE2 AVG. 

29 
34 
39 
45 
48 
45 
41 
39 
39 

30 
36 
39 
45 
49 
45 
41 
40 
39 

29.5 
35.0 
39 .O 
45 .O 
48.5 
45.0 
41 .O 
39.5 
39 .O 

PROBEl PROBE2 AVG. 

29.0 
35.0 
40 .O 
46.5 
49.6 
46 .O 
42.0 
40 .O 
38.0 

30.7 
36.0 
41 .O 
46 .O 
50.2 
46 .O 
43.1 
41.6 
40.0 

29.82 
35.5 
40.5 
46.25 
49.9 
46 .O 
42.55 
40.8 
39.0 

WCoR - 125.77 

PROBEl PROBE2 AVG. 

28.5 
34.3 
38.6 
43.6 
47.7 
43.7 
40.3 
38.4 
37.8 

30.3 
35.7 
39.7 
44.9 
48.3 
45 .O 
39.3 
38.0 
37.2 

29.4 
35.0 
39.15 
44.25 
48 .O 
44.3 5 
39.8 
38.2 
37.5 

PROBE 1 PROBE 2 AVG. 

29 .O 
35 
39 
45 
49 
45 
40 
38 
37 

30 
36 
39 
46 
49.9 
46 
41 
40 
39 

29.5 
35.5 
39.0 
45.5 
49.45 
45.5 
40.5 
39 .O 
38.0 
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APPENDIX 8 

Blade Element and Overall Performance 
with 

Uniform Inlet Flow 
and 

Honeycomb Tip Treatment 
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MEASURED AIR ANGLES, STATOR INLET INSTRUMENT PLANE 

(probe 1 a t  30 degrees, probe 2 a t  210 degrees, Figure 13) 
(90- p l o )  UNIFORM INLET FLOW, HONEYCOMB TIP TREATMENT 

31.15 
37.05 
40.85 
45.9 
50.9 
54.1 

80% SPEED 

29.9 31.7 30.8 
35.2 36.6 35.9 
39.2 39.8 39.5 
43.3 44.1 43.1 
48.3 48.8 48.55 
50.6 51.1 50.85 

%SPAN 

5 
10 
15 
30 
50 
70 
85 
90 
95 

53.05 
54.9 I 
56.55 

WcoR = 156.14 

PROBE1 PROBE2 AVG. 

31.7 36.1 34.2 
31.6 41.8 39.1 
42.2 45.2 43.1 
41.5 50.6 49.05 
54.1 56.2 55.15 
58.2 60.8 59.5 
58.8 62.1 60.45 
58.3 63.4 60.85 
57.4 65.5 61.45 

51.0 52.4 51.7 
51.7 53.2 52.45 
53.3 53.1 53.2 

WCoR = 142.53 

PROBE1 PROBE2 AVG. 

29.8 33.2 31.5 
35.5 38.1 36.8 
39.3 41.2 40.25 
45.3 46.1 45.1 
50.2 51.0 50.6 
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90% SPEED 
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APPENDIX 9 

One-Third-Octave Broadband Sound Pressure Levels 
for 

Fan Stage With Honeycomb Tip Treatment 
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APPENDIX 10 

One-Third-Octave Broadband Sound Power Levels 
for 

Fan Stage With Honeycomb Tip Treatment 
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